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Abstract 
 
Those diseases that medicines do not cure are cured by the knife. Those that the knife 
does not cure are cured by fire. Those that fire does not cure, must be considered incurable. 
—Hippocrates 
Hippocrates in 370 BC made the first recorded mention of the use of heat as a 
therapeutic. To this day, the effect of temperature on the body is of interest to clinicians, athletes, 
researchers, and perhaps anyone that has lived through Georgia summers or Michigan winters. 
The body maintains temperature homeostasis by the process of thermoregulation. The body’s 
ability to thermoregulate is an important coping mechanism to withstand various physiological 
states, such as fever, and environmental exposures such as the weather. The cardiovascular (CV) 
system plays a vital role in thermoregulation because of its influence on heat transfer via forced 
convection and conduction by changes in blood distribution, blood velocity, and proximity of 
tissues. It remains unclear how the allocation of blood in various compartments (such as the 
innermost core, fat, muscle, and skin) changes with temperature. Challenges in measuring core 
vasculature have resulted in a lack of empirical information regarding how it might change with 
core temperature. Therefore, to fully understand the CV system’s role in thermoregulation, this 
thesis focuses on using murine models to study the effect of temperature on core vasculature.  
The overall purpose is to provide a novel and physiologically accurate approach to studying 
thermoregulation by incorporating structural and functional changes in the CV system occurring 
in the core.   
 xviii 
Using murine models and MRI, we noninvasively quantified structural and functional 
vascular response in core arteries and veins to increasing core body temperature. We also studied 
the effects of sex and age on the CV response to increasing temperature. Using a PID-controlled 
heater to blow hot air across the animals, core temperature was increased from mild hypothermia 
(35 °C) to mild hyperthermia (38 °C). At each temperature, we imaged three to four locations of 
the body from head-to-toe, and quantified blood flow and velocity, vessel area, and measured 
circumferential cyclic strain of the core vessels. Our most significant quantitative results include: 
cross-sectional area of the aorta increased significantly and linearly with temperature for all 
groups, but at a diminished rate for aged animals (p < 0.01; male and female: adult, 0.019 and 
0.024 mm2/°C; aged, 0.017 and 0.011 mm2/°C); jugular, aorta, femoral artery and vein linearly 
increased with temperature (0.10, 0.017, 0.017, and 0.027 mm2/°C, respectively; p<0.05); and, 
flow in the infrarenal IVC linearly increased with temperature for all groups (p = 0.002; adjusted 
means: male vs. female, 0.37 and 0.28 mL/(min • °C); adult vs. aged, 0.22 and 0.43 mL/(min • 
°C)). Overall, we have shown: 1) that increases in flow occur in most arteries and veins, which is 
opposite to current hypotheses regarding the venous response; 2) that the magnitude of increased 
flow varies based on anatomical location; and, 3) that the increase in flow sometimes involves 
cross-sectional area and velocity and other times involves only one or the other. These vascular 
responses are also influenced by sex and age.  
It is important to incorporate the cardiovascular changes occurring in the core into future 
bioheat or computational fluid dynamics modeling because blood flow is critical in heat 
generation and transfer in vivo. This research can help researchers, clinicians, and others 
interested in temperature’s effect to better model and predict cardiovascular outcomes.
 1 
 
Introduction 
1.1 Temperature Matters 
“Those diseases that medicines do not cure are cured by the knife. Those that the knife 
does not cure are cured by fire. Those that fire does not cure, must be considered incurable.” 
This quote, attributed to Hippocrates in 370 BC, is often used to represent a thermal medicine 
approach to treating modern disease with ‘medicines’ representing pharmaceuticals, ‘knife’ for 
surgery, and ‘fire’ for thermal interventions. Thermal therapies have been used for thousands of 
years for treatment of disease, but thermal conditions can also have detrimental effects.  
Temperature variations and thus heat transfer, known as hot and cold or thermal 
conditions, (referred to simply as ‘temperature’ in this thesis) can have therapeutic applications, 
be detrimental to overall human health, and affect performance and comfort. For therapeutic uses 
of temperature, both high and low temperatures are utilized; for example, higher temperature 
(hot) uses included, but are not limited to, thermal ablation for tumors [1], bacterial infection 
treatment with nanoparticles [2], and mild-hyperthermia combination treatments with 
immunotherapy for cancer [3]. Lower temperature (cold) uses include, but are not limited to, 
neural protection in brain ischemia [4], hypoxic-ischemic encephalopathy [5], pain management, 
and cardiac arrest [6].  
The detrimental health effects of temperatures are caused by either external factors, such 
as weather, internal factors, such as fever, or a combination of the two. The work presented in 
this thesis is mainly focused on external factors; however, future work includes combination 
studies. Injury and illness due to heat is not only present in athletes [7], people in the military [8], 
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and those at high risk including the elderly [9] as illustrated in data from the CDC in Figure 1.1 
[10], but heat injury is increasingly becoming a public health issue [11] that may escalate with 
climate change [12]. Exposure to cold temperatures can lead to frostbite and hypothermia not 
only in the elderly [9] but for anyone exposed to extreme temperatures [13]. 
 
Figure 1.1 “Annual rate* of heat-related deaths attributed to weather conditions or exposure to excessive natural heat, by age 
group and year- US 1979-2002” [10] 
Even without extreme temperatures, temperature variations can affect performance and 
comfort level. Performance deficits due to temperature are seen during exercise [15-17] and 
while performing mentally taxing tasks while wearing thermally insulating suits such as during 
explosive ordinance disposal [18]. Whether affecting comfort, performance, or overall human 
health, temperature matters, and the effect of temperature on the body should continue to be 
investigated.  
 3 
1.2 Thermoregulation and bioheat transfer: the basics 
Exposure to external temperatures, as well as changes in internal metabolic heat 
generation (e.g. exercise and fever), alters the temperature gradients in the body, and the body 
must respond to prevent or lessen fluctuations in core body temperature. Animals, including 
humans, maintain core temperature via the process of thermoregulation [19]. For humans, 
homeostatic temperature conditions average at 37 °C or 98.6 °F with deviations occurring due to 
circadian rhythm, menstrual cycle, and animal variability [20,21]. Researchers continue to 
investigate how the body, including at the molecular and cellular scale, sense temperature and 
how this impacts thermoregulation. In brief, Vriens et al, in Nature Reviews 2014, showed how 
temperature is perceived at the skin and peripheral locations as shown in Figure 1.2 [22]. Once 
the body senses the temperature, the body begins to thermoregulate. For most animals whether 
ectotherms or endotherms (‘cold-’ or ‘warm-blooded’), behavioral changes are the first 
mechanism to regulate body temperature. For example, humans may turn on a fan, put on more 
clothes, or other behaviors once they perceive a change in temperature. Other endothermic 
animals, such as mice, huddle together when cold [23]. In addition to behavioral changes, the 
body has numerous mechanisms to maintain body temperature. 
 4 
 
Figure 1.2 “Neurons involved in thermosensation.” [from 22, page 574] 
 
Temperature varies throughout the body, and researchers use bioheat equations to 
calculate heat transfer, and thus to quantify the temperatures in the body for various applications, 
including the above therapeutic applications. 
Heat transfer is defined as thermal energy in transit due to a spatial temperature 
difference [25]. The three modes of heat transfer are conduction, convection, and radiation and 
each have their respective rate equations that quantify the amount of energy being transferred per 
unit time.  Conduction occurs between two stationary mediums of different temperatures, and 
Fourier’s law, in one-dimension, is given in Equation 1 with heat flux 𝑞𝑥
′′  (W/m2) and thermal 
conductivity k (W/m • K). 
Equation 1 
𝑞𝑥
′′ = −𝑘
𝑑𝑇
𝑑𝑥
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Convection occurs between a surface and a moving fluid when they are at different temperatures, 
and Netwon’s law of cooling, is given in Equation 2 with convection heat transfer coefficient h 
(W/m2 • K) and temperatures for the surface Ts and fluid T∞. 
Equation 2 
𝑞′′ = ℎ(𝑇𝑠 − 𝑇∞) 
 
Thermal radiation is unique in that all surfaces of finite temperature emit energy via 
electromagnetic waves. The equation for the difference between thermal energy that is released 
by radiation emission and that which is gained from radiation absorption is given in Equation 3 
with emissivity ε, Boltzmann constant σ (σ=5.67×10-8 W/m2 • K4), and temperature for the 
surrounding Tsur. 
Equation 3 
𝑞𝑟𝑎𝑑
′′ = 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟
4 ) 
These three modes of heat transfer are also occurring in the body and from the body to 
the environment. In 1948, Pennes bioheat equation [26] was published which describe the heat 
transport occurring in the living tissues of the body as given by Equation 4 with the first two-
terms describing conduction with radius r (m), geometry factor ω (ω = 1 for polar, ω = 2 for 
spherical coordinates), the second term describing metabolic heat generation qm (W/m
3), and the 
third term describing convection with density of blood ρbl (kg/m3), blood perfusion rate wbl (s-1), 
heat capacitance of blood cbl (J • kg-1 • K-1), and arterial blood temperature Tbl,a assumed to be 
constant. Radiation is neglected in this equation due to the limited contribution in the body. 
Equation 4 
𝑘 (
𝜕2𝑇
𝜕𝑟2
+
𝜔
𝑟
𝜕𝑇
𝜕𝑟
) + 𝑞𝑚 + 𝜌𝑏𝑙𝑤𝑏𝑙𝑐𝑏𝑙(𝑇𝑏𝑙,𝑎 − 𝑇) = 𝜌𝑐
𝜕𝑇
𝜕𝑡
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Although the gold-standard for bioheat equations, the Pennes’ pivotal bioheat equation 
has limitations [27], including overlooking contributions from large blood vessels in both the 
conductive and convection terms, and there is a lack of empirical values describing geometric or 
hemodynamic characteristics of core vasculature which could assist in model parameterization 
and validation [27,28] particularly in whole body modeling [29]. Researchers continue to 
develop models to accurately predict body temperatures. Not only are the physics of heat transfer 
and the appropriate mathematical models still being investigated, the physiology and the body’s 
mechanisms for heat removal and generation are also areas of research. This thesis focuses 
primarily on the third term in the equation or the ‘convection’ term. 
The body utilizes two pathways to achieve homeostasis. The passive system includes heat 
conduction through tissues and convective heat transfer via the CV system (forced) and from the 
skin’s surface to the environment (natural). The active system includes changes in cardiac output 
(CO), vasodilation or constriction, sweating, and shivering and is depicted in Figure 1.3 [29].  
Fiala et al. use computational modeling to determine temperature inputs and outputs for 
the body and incorporates both the passive and active systems [29]. For the active system, Fiala 
uses only two temperature inputs for the body (hypothalalum: Th and skin: Tsk) and does not 
incorporate changes in core body temperature or changes in core blood flow. However, the 
cardiovascular system is composed of more than just the blood vessels in the skin, and to be able 
to fully model thermoregulation and bioheat, the entire body’s response to temperature must be 
understood.  
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Figure 1.3 “Schematic diagram of the reference active system model.” [29] 
1.3 Cardiovascular System’s Role in Thermoregulation  
If the heat is not removed from the body to the environment, humans would heat up by an 
estimated 1 °C/ hour and a person would die within a few hours [19]. For the body to maintain a 
set core temperature (Tc), heat generated must be removed from the body, through the muscle 
(Tm), and finally through the skin (Ts), and the CV system plays an essential role in both the 
active and passive system to achieve this as depicted in Figure 1.4. However, it remains unclear 
how the allocation of blood in various compartments (e.g. core, fat, muscle, and skin) changes 
with temperature [16,30]. Early work suggested skin was the primary compartment in which 
increases in blood flow occurred when core temperature was increased [31], but it has also been 
demonstrated that there are increases to the muscle with increased temperature [32-36].  
The body is actively thermoregulating even in the resting state, and this is the focus of 
this thesis: to study the effect of temperature on the CV system. However, the impact of 
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temperature on different physiological states is of interest to the author. To demonstrate, one 
example is the body during exercise illustrated in Figure 1.4. The active homeostasis system 
responds differently at rest (minimum muscle heat generation, Tc > Tm) compared to during a 
bout of exercise (maximum muscle heat generation, Tm > Tc).  The result is that the pathway of 
overall heat dissipation is changed dramatically. Subsequently, the CV system responds by 
increasing blood flow to the skin (SkBF) to increase heat dissipation. However, this decreases 
the amount of blood flow to muscle (MBF), thereby decreasing muscle function during exercise 
[37].  
 
Figure 1.4 Representation of the heat transfer at rest and during exercise  
Changes in metabolic demand during exercise are not the only influences on the role of 
the CV system in thermoregulation. Sex and age also affect the body’s response to temperature 
[38]. The differences in sex can potentially be attributed to body composition (fat vs. muscle 
content), anthropometric characteristics (mass and surface area), physiological differences (water 
regulation, sex hormones, and exercise capacity), and social behaviors (daily physical activity 
and clothing choices) [39]. Aging affects thermoperception, heat loss and thermogenesis, and 
central nervous system regulation [9,40]. Sex and age not only influence the body’s ability to 
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perceive and respond to changes in temperature [9,38,39,41-43], they also affect the function of 
the CV system [44-47].  
Challenges in measuring core vasculature have resulted in a lack of empirical information 
regarding how it might change with core temperature. Magnetic Resonance Imaging (MRI) can 
be used to non-invasively measure the core vasculature due to high spatial and temporal 
resolution. Therefore, to fully understand the CV system’s role in thermoregulation, this thesis 
focuses on using murine models and MRI to study the effect of temperature on core vasculature. 
The overall purpose is to provide a novel and physiologically accurate approach to studying 
thermoregulation by incorporating structural and functional changes in the CV system occurring 
in the core.   
1.4 Magnetic Resonance Imaging (MRI) 
Compared to other imaging modalities, MRI is one of the most flexible imaging 
platforms because it combines high resolution anatomical imaging with functional and metabolic 
analyses [55]. MRI is currently used to guide thermal therapies [56] and to investigate the brain’s 
role in thermoregulation [57]. However, to our knowledge, preclinical MRI has not been used to 
study the cardiovascular system in regards to thermoregulation. Historically, preclinical MRI 
studies of the cardiovascular system have been focused on pathological disease such as deep vein 
thrombosis which is also studied in our lab [58,59]. With this work, we have been the first to use 
an ultrahigh field 7 Tesla MRI to conduct thermoregulation studies.  
1.5 Murine Models and Limitations 
Murine models are widely used as a preclinical model due to their similar biology to 
humans, the ability for researchers to conduct experiments in a highly controlled manner, and the 
ability for researchers to create transgenics. The current gold standard for thermoregulation 
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studies are using non-anesthetized rodents to study biomarkers such as core and skin temperature 
[48,49]. In this work, we studied anesthetized healthy wildtype C57BL/6 mice, one of the most 
common backgrounds used in research, to acquire baseline data in the core to compare future 
measurements from disease models and gene knockout animals with limited thermoregulation 
ability [50].  
Murine models have limitations. Mice only have sweat glands on their paws and use their 
tails to regulate temperature.  Murine studies also often require anesthesia. Anesthesia has been 
shown to reduce the core temperature at which physiological responses such as vasoconstriction 
occur; however, the intensity of the vascular response is maintained [51]. In addition, although 
isoflurane has vasodilatory effects which can be dose and step-size dependent, [52,53] our 
attentive control and monitoring of our animals’ physiology allows us to minimize these effects 
by using low doses and making small adjustments throughout an imaging session. Studies also 
show a slight reduction in cardiac output under anesthesia, but heart rates are closer to those 
recorded in conscious mice using isoflurane [54].  
1.6 Thesis Structure 
This thesis describes the development of a novel and physiologically accurate approach 
to studying thermoregulation by incorporating structural and functional changes in the CV 
system occurring in the core. We hypothesized that a relationship between vessel 
size/deformation, blood flow, and temperature exists in the core, and these changes should be 
incorporated into modeling. Not only does this thesis describe a new approach to studying the 
effect of temperature on the cardiovascular system, the effect of age and sex on vascular 
response was also investigated. The chapters to follow are broken down in the following manner: 
Chapter 2 describes the geometric and functional arterial response across sex and age, Chapter 3 
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describes and compares the geometric and functional arterial and venous response, Chapter 4 
describes the blood distribution, quantifying blood velocity and flow across sex and age, with 
increases in core body temperature, Chapter 5 describes a collaboration study combining two 
cardiovascular stressors: thermal stress and dobutamine, and Chapter 6 includes the conclusion 
and describes future work.  
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Geometric and functional arterial response due to increases in body temperature 
2.1 Abstract 
Purpose: To date, the response of core vasculature to increasing core temperature has not 
been adequately studied in vivo. Our objective was to non-invasively quantify the arterial 
response in murine models due to increases in body temperature, with a focus on core vessels of 
the torso, and investigate whether responses were dependent on sex or age. 
Methods: Male and female, adult and aged mice were anesthetized and underwent 
magnetic resonance imaging. Data were acquired from the Circle of Willis (CoW), heart, 
infrarenal aorta, and peripheral arteries at core temperatures of 35, 36, 37, and 38°C (± 0.2°C). 
Results: Vessels in the CoW did not change. Ejection fraction decreased and cardiac 
output increased with increasing temperature in adult female mice. Cross-sectional area of the 
aorta increased significantly and linearly with temperature for all groups, but at a diminished rate 
for aged animals (p < 0.01; male and female: adult, 0.019 and 0.024 mm2/°C; aged, 0.017 and 
0.011 mm2/°C). Aged male mice had a diminished response in the periphery (% increase in 
femoral artery area from 35 to 38°C, male and female: adult, 67 and 65%; aged, 0.1 and 57%).  
Conclusion:  Previously unidentified increases in aortic area due to increasing core 
temperature are biologically important because they may affect conductive and convective heat 
transfer. Leveraging non-invasive methodology to quantify sex and age dependent vascular 
responses due to increasing core temperature could be combined with bioheat modeling in order 
to improve understanding of thermoregulation. 
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2.2 Introduction 
Core temperature impacts human health and performance [1–5]. Humans maintain core 
temperature via the process of thermoregulation [6]. The body utilizes two pathways to achieve 
this homeostasis. The passive system includes heat conduction through tissues and convective 
heat transfer via the CV system (forced) and from the skin’s surface to the environment (natural). 
The active system includes changes in cardiac output (CO), vasodilation or constriction, 
sweating, and shivering [7]. The CV system plays an essential role in both systems. However, it 
remains unclear how the allocation of blood in various compartments (e.g. core, fat, muscle, and 
skin) changes with temperature [8,9]. Early work suggested skin was the primary compartment 
in which increases in blood flow occurred when core temperature was increased [10],but it has 
also been demonstrated that there are increases to the muscle with increased temperature [11–
15]. Sex and age not only influence the body’s ability to perceive and respond to changes in 
temperature [3,16–20], they also affect the function of the CV system [21–24]. Therefore, to 
fully understand the CV system’s role in the complex process of thermoregulation, blood 
distribution (influenced by cardiac output, vessel size, blood flow velocity, and pressure) must be 
quantified, ideally across sex and age. 
Because it is easily accessible, changes in the skin due to temperature have been 
quantified using numerous methods [25–27]. It is more difficult to quantify changes in the other 
compartments, with the core perhaps being the most challenging to investigate due to the impact 
of invasive methods on core tissues. Observed CV changes in the core due to increasing core 
temperature include: regional increases and decreases in cerebral blood flow depending on the 
temperature range [28–30], increased cardiac output [31,32], and decreased total peripheral 
resistance [31,33]. Noticeably absent from this body of knowledge is data regarding if there are 
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geometric and functional changes in the core vessels of the torso, the primary large-caliber 
supply system that transports blood at higher temperatures to the small-caliber distribution 
system located throughout the body. Mathematical modeling has been used as an alternative 
approach. However, barriers remain to this methodology reaching its full potential. Even Pennes’ 
pivotal bioheat equation has limitations [34], including overlooking contributions from large 
blood vessels, and there is a lack of empirical values describing geometric or hemodynamic 
characteristics of core vasculature which could assist in model parameterization and validation 
[34,35]. Consequently, there remains an inability to quantify or model the coalescing vascular 
changes in the CV system due to changes in core temperature. 
Magnetic resonance imaging (MRI) can be used to non-invasively study core vasculature 
due to high spatial resolution and few limitations on tissue penetration depth. Temporal 
resolution can be leveraged to study processes that change across the cardiac cycle. Rodent 
models are often used to study thermoregulation because of the potential to manipulate relevant 
genes and to vary core temperature and/or environment  while making the necessary 
measurements [36]. Previous in vitro studies do not include the influence of surrounding 
structures which affect vascular biomechanical forces and subsequent health of the CV system 
and which are important in modeling [37]. Surrounding structures and blood also act as heat 
sources/sinks [38], and thus, it is important that whole-body thermoregulation studies be 
conducted in vivo. 
Using murine models and MRI, we noninvasively quantified cardiac indices of left 
ventricular function and changes in the cerebral, infrarenal, and peripheral arteries at four target 
core temperatures. The effects of sex and age on the CV response to increasing temperature from 
minimally hypothermic to minimally hyperthermic were measured. We hypothesized that as core 
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temperature was increased from 35 to 38 °C: 1) cerebral vasculature and the aorta would not 
change; 2) cardiac output would increase; 3) peripheral vasculature would dilate; and, 4) 
responses would differ based on sex and age. To our knowledge, these data are the first to 
empirically quantify the spatially and temporally resolved response of core vasculature to 
changes in core temperature in vivo from head-to-toe. This geometric and functional data could 
be used to couple bioheat modeling and computational fluid dynamics (CFD) in order to improve 
understanding of thermoregulation. 
2.3 Methods 
All experiments were approved by the local Institutional Animal Care and Use 
Committee. Animals were housed in a room with temperature (22 °C ± 2 °C) and humidity 
(~27%) control and an alternate 12-hour light/dark cycle.  
Healthy adult (10- to 22-weeks-old, ~20-30 human years) and aged (50- to 60-weeks-old, 
~45-50 human years [39]), male and female, C57BL/6 mice were studied (n = 5 each, total = 20). 
Mice were anesthetized with 1.25-2% isoflurane in 1 L/min of oxygen [40]. Animals were placed 
in the supine position and imaged at 7T (Agilent Technologies, Santa Clara, CA) using a 40 mm 
inner diameter transmit-receive volume coil (Morris Instruments, Ontario, Canada). Core 
temperatures were increased from being minimally hypothermic (35 °C) to minimally  
hyperthermic (38 °C), while avoiding pathological changes [41,42]. The target core temperature 
was controlled via forced convection within ± 0.2 oC using a custom-built proportional-integral-
derivative (PID) controller (LabVIEW, National Instruments, Austin TX) interfaced with a 
commercially available system which includes a heater blowing warm air through the bore of the 
magnet and over the animal and a rectal temperature probe. PID controllers are used to 
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efficiently approach a desired setpoint, while managing overshoot and oscillations. Respiration 
and heart rate were monitored (SA Instruments, Stony Brook, NY).    
Two MRI techniques (time-of-flight [TOF] MR angiography and CINE imaging) were 
used to investigate three anatomical regions of interest: the head, torso, and periphery (Figure 
2.1). To acquire all locations for a given animal, with four core temperatures tested at each 
location, three imaging sessions (head, torso, and periphery) were required. The total imaging 
time for each session was approximately two hours. Each region was completed for all animal 
groups within two weeks before acquiring data from the next region; therefore, ages ranged 1-2 
weeks within a region and 2-8 weeks between regions.  
 
Figure 2.1 Maximum intensity projections (MIPs) illustrates where data were acquired and 
quantified from four anatomical locations along the body 
Head: Circle of Willis (area) 
Sagittal 2D gradient echo images were used to plan 3D TOF angiograms [repetition 
time/echo time (TR/TE) 50/3 ms, field of view (FOV) (20 mm)3, flip angle (α) 60o, matrix 1283 
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zero-filled to 2563, slab thickness 20 mm, number of excitations (NEX) 2, resolution (78µm)3, 
~13 minutes]. The axial and sagittal 2D slices derived from the 3D TOF data were used to 
quantify the cross-sectional area of anterior cerebral arteries (ACA) and middle cerebral arteries 
(MCA), respectively, using a threshold value (Analyze, AnalyzeDirect, Stilwell, KS). Data 
acquired at 38 °C were used to establish a separate threshold value for each mouse that defined 
the area of the vessel based on user judgement. This threshold value was then used to analyze 
data for the other three temperatures. The location examined for both the ACA and MCA was 
0.39 mm (5 slices) distal from the CoW ring (Figure 2.2). 
Torso: Heart (heart rate, stroke volume, ejection fraction, cardiac output) 
Heart rate was measured from a 2-lead ECG placed along axis II. Coronal 2D images 
were used to plan slices perpendicular to the long axis of the left ventricle (LV). Five to six 2D 
contiguous slices were planned through the LV, depending on the size of the organ. For each 
slice, a cardiac-gated and respiratory compensated 2D CINE acquisition with 12 frames was used 
to acquire data across the cardiac cycle [TR/TE 180/2 ms, FOV (30  mm)2, α 30o, matrix 1282 
zero-filled to 2562, slice thickness 1 mm, NEX 4, resolution (117 µm)2, ~20 minutes]. The 
endocardial area of each frame was defined manually (Analyze, AnalyzeDirect, Stilwell, KS). 
For each slice, the end-diastolic and end-systolic areas were determined by selecting the 
maximum and minimum areas, respectively. The end-diastolic volume (EDV) and end-systolic 
volume (ESV) were calculated: 
Equation 5 
𝐸𝐷𝑉 = ∑ 𝑆𝑙𝑖𝑐𝑒 𝑎𝑟𝑒𝑎 𝑚𝑎𝑥𝑖 ∗ 𝑆𝑙𝑖𝑐𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠   
5−6
𝑖=1
𝐸𝑆𝑉 = ∑ 𝑆𝑙𝑖𝑐𝑒 𝑎𝑟𝑒𝑎 𝑚𝑖𝑛𝑖 ∗ 𝑆𝑙𝑖𝑐𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
5−6
𝑖=1
 
Stroke volume (SV = EDV – ESV), ejection fraction (SV/EDV*100%), and cardiac 
output (SV*heart rate) were calculated from these values. 
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Torso: Infrarenal Aorta (area, circumferential cyclic strain) 
Coronal maximum intensity projections (MIPs) from axial 3D acquisitions were used to 
plan slices perpendicular to the aorta. A cardiac-gated and velocity compensated 2D CINE 
acquisition with 12 frames was used to acquire data across the cardiac cycle [TR/TE ~120/4 ms 
depending on heart rate, FOV (20 mm)2, α 60o, matrix 2562 zero-filled to 5122, slice thickness 1 
mm, NEX 6, resolution (39 µm)2, ~18 voxels across the vessel, ~5 minutes]. The CINE images 
were analyzed for area and circumferential cyclic strain using an in-house semi-automated 
process. An automatic boundary of the vessel was defined by using a threshold value of 50% of 
the maximum signal intensity in a user-defined region selected across the 12 frames. This 
boundary could be modified by the user, if needed. Vessel area was calculated using polar 
integration. Green-Lagrange circumferential cyclic strain, to quantify vessel stiffness [43], was 
calculated using the following equation: 
Equation 6 
𝜀𝑖 =
1
2
[(
𝑃𝑖
𝑃𝑑𝑖𝑎𝑠
)
2
− 1] × 100% 𝑤𝑖𝑡ℎ 𝑖 → 1 − 12 
where Pi is the perimeter at a given time frame and Pdias
 is the perimeter of the vessel at 
end diastole. This definition assumes uniform strain around the circumference and the in vivo 
diastolic perimeter is representative of the vessel’s unloaded state. Green-Lagrange 
circumferential strain can reflect changes in area, provided the vessel's expansion preserves its 
shape. In this case, a strain value of 50% corresponds to a doubling of cross-sectional area during 
the cardiac cycle. 
Periphery: Femoral, popliteal, and saphenous arteries (area, tracking length) 
Coronal and axial 2D gradient echo images were used to plan 3D TOF angiograms 
[TR/TE 15/2 ms, FOV 25x35x35 mm3, α 20o, matrix 1283 zero-filled to 2563, slab thickness 30 
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mm, NEX 2, resolution 98x137x137 µm3, ~13, 9, and 5 voxels across femoral, popliteal, and 
saphenous arteries, ~8 minutes]. Similar to the CoW, 2D slices from the 3D TOF acquisitions 
were used to quantify the cross-sectional area of the peripheral arteries using a threshold value 
defined from data acquired at 38 °C. Three locations of the peripheral arteries were examined 
(Figure 2.1)): femoral 0.68 mm (five slices) proximal to the saphenous-popliteal bifurcation, 
popliteal and saphenous 0.68 mm distal to the saphenous-popliteal bifurcation (superior), and 
popliteal and saphenous 0.68 mm proximal to popliteal bifurcation (inferior). The tracking length 
over which the saphenous artery could be visualized in the 3D acquisitions was determined by 
using the same threshold value as the area calculations and calculating the number of slices 
between the saphenous-popliteal bifurcation and the last slice for which the saphenous vessel 
could be seen.  
Vessel conspicuity in 3D TOF angiograms is dependent on blood flow velocity as well as 
vessel size. While 2D acquisitions still rely on the movement of blood for contrast relative to 
stationary tissue, they are nearly independent of blood flow velocity. Therefore, to evaluate the 
contribution of blood flow velocity to visualization of peripheral vessels, a second group of adult 
male mice (14- to 15-weeks-old, n = 5) were imaged using 2D slices perpendicular to the 
femoral artery and the popliteal and saphenous arteries at the superior location. The 2D TOF 
sequence was qualitatively optimized to maximize the contrast between vessel and surrounding 
stationary tissue and achieve a minimum of ~10 voxels across each vessel at 38 °C [femoral: 
TR/TE 50/5 ms, FOV (25.6 mm)2, α 60o, matrix 2562 zero-filled to 5122, slice thickness 1 mm, 
NEX 8, resolution (50 µm)2, ~3 minutes ; popliteal and saphenous locations: TR/TE 20/3.4 ms, 
FOV (25.6 mm)2, α 60o, matrix 2562 zero-filled to 5122, slice thickness 1 mm, NEX 4, resolution 
(50 µm)2, ~1 minutes]. To null the signal from veins, a 5 mm thick saturation band was placed 
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distal to the imaging slice. Locations were similar to those described above. Data acquired at 38 
°C were used to establish a threshold value that defined the size of the vessel based on user 
judgement and that was used for data at 35 °C.  
Statistical Analysis 
Data are plotted as mean ± standard error (SEM) with individual data points. To test 
whether temperature had an effect on a given metric within a group of animals, repeated 
measures one-way ANOVA and Tukey’s post hoc test to account for multiple comparisons was 
used, with temperature treated as categorical. Two methods were used to evaluate differences 
between groups. First, to compare relative changes within a given one degree temperature 
interval (i.e. 35-36, 36-37, or 37-38 °C), the percent change per one degree increase in 
temperature (%/°C) was calculated for each metric to account for potential differences in the size 
of anatomical structures between groups. For example, percent change in vessel area in adult 
male mice for the interval 35-36 °C = (area36 – area35)/(area35)*100; and, similarly, for the 
other temperature intervals and each group. Using the %/°C values, the effects of sex and age 
were assessed via two-way ANOVA and Tukey’s post hoc test. Second, to compare absolute 
changes over the four degree temperature interval, linear regression was applied to each metric 
of interest. For example for area, regression resulted in a fitted line with units of mm2/°C. Slopes 
were assessed for linearity (R2) and tested for being non-zero and different between groups. 
Significance was set at p < 0.05.   
2.4 Results 
Representative images from the four anatomical locations, acquired at 35 and 38 °C, are 
shown in Figure 2.2.  
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 summarizes the results presented below as well as non-significant findings. Non-
significant group comparisons of percent change per degree show adjusted means, for sex and 
age, averaged across the three temperature intervals. As a reference for area measurements, 
based on image resolution at each anatomical location: CoW, 10 voxels = 0.06 mm2; infrarenal 
aorta, 10 voxels = 0.015 mm2; peripheral vasculature, 10 voxels = 0.13 mm2 and 5 voxels= 0.067 
mm2.  
 
Figure 2.2 Representative images from the four anatomical locations of an adult male mouse at 35 and 38°C. 
Cerebral vasculature has minimal response to increases in core temperature. 
The ACA and MCA were readily visible at all temperatures, unlike superficial vessels of 
the periphery (Figure 2.2). Cerebral vasculature did not change with increasing core temperature. 
ACA and MCA vessel areas averaged across the four temperatures for each group were: adult 
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males, 0.06 ±0.005 mm2 and 0.05 ±0.004 mm2; adult females, 0.05±0.005 mm2 and 0.04 ± 0.003 
mm2; aged males, 0.05 ±0.005 mm2 and 0.05 ±0.005 mm2; aged females, 0.04 ±0.004 mm2 and 
0.05 ±0.006 mm2. 
Table 2.1 Summary of results for arterial response across sex and age.  
Data presented as mean ± SEM, or for group comparisons slopes and percent change per degree. Non-significant group 
comparisons of (%/°C) show adjusted means, for sex and age, averaged across the three temperature intervals. ACA = anterior 
cerebral artery, MCA = middle cerebral artery, bpm = beats per minutes, M = male, F = female, NS = not significant. 
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Ejection fraction decreased, cardiac output increased with temperature in adult females. 
Qualitatively, there is a discernable increase in both end-diastolic and end-systolic left ventricle 
volume with increasing temperature (Figure 2.2). Heart rate, stroke volume, ejection fraction, 
and cardiac output are presented in Figure 2.3. Except for adult males, temperature had an 
influence on heart rate for the other three groups (p = 0.04-0.006). Heart rate linearly increased 
with temperature (slopes > 0, p = 0.03-0.04, R2 = 0.92-0.94), with no difference between slopes. 
In adult females, temperature had an influence on ejection fraction (p = 0.008; with a statistically 
significant difference between means for 35 and 38 °C, 73.6% vs. 68.7%, p = 0.03) and cardiac 
output (p = 0.049). 
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Figure 2.3 Cardiac response for male and female, adult and aged mice 
Aortic area increased with temperature, but at a diminished rate for aged animals. 
Qualitatively, there is a discernable increase in both diastolic and systolic area of the 
infrarenal aorta with increasing temperature (Figure 2.2). Figure 2.4 shows cross-sectional area 
of the infrarenal aorta across the cardiac cycle for all groups (error bars are omitted for clarity). 
Figure 2.5 shows cyclic strain of the infrarenal aorta across the cardiac cycle for all groups. In 
Figure 2.6, average area and maximum cyclic strain are plotted to highlight their relationship. 
Figure 2.4 Cross-sectional area of the infrarenal aorta across the cardiac cycle for male and female, adult and 
aged mice 
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Figure 2.5 Cyclic strain of the infrarenal aorta across the cardiac cycle for male and female, adult and aged mice 
Temperature had an influence on average vessel area for all groups (Figure 2.6,  
, p = 0.02-0.003). There were statistically significant differences between means within a 
group for: adult male, 36/37 °C (p = 0.01); and, adult female, 35/38 °C (p = 0.01) and 36/38 °C 
(p = 0.02). Area linearly increased with temperature (slopes > 0, p = 0.02-0.003, R2 = 0.97-0.99), 
and slopes were different between groups (p < 0.001; adjusted means: male vs. female, 0.018 and 
0.018 mm2/°C; adult vs. aged, 0.022 and 0.014 mm2/°C). For adult males, cyclic strain linearly 
decreased with temperature (slope < 0, p = 0.004, R2 = 0.99).  
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Peripheral vessel areas and tracking length increased with temperature, with minimal or no 
response in aged males. 
Although from the MIPs it appears there is no signal to quantify along large extents of the 
peripheral vasculature at 35 °C (Figure 2.2), in the 2D images from these 3D acquisitions there is 
signal visible throughout most of the regions of interest. When considering 2D versus 3D 
methods, there are several tradeoffs to consider, including non-perpendicular slice orientation 
relative to vessels vs. data acquisition efficiency. 3D acquisition allowed for the full leg to be 
imaged at four different temperatures in the least amount of time. Therefore, peripheral area data 
shown in Figure 2.7 are calculated from 2D axial slices of 3D acquisitions, with the caveat that 
the slices are only approximately perpendicular to the cross-sectional view of the artery 
Figure 2.6 Average cross-sectional area and maximum circumferential cyclic strain of the infrarenal aorta for male and female, 
adult and aged mice at core temperatures. 
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(particularly for the femoral location). Although this may cause a slight increase in the measured 
area, relative changes between temperatures account for this and provide relevant comparisons. 
 
Figure 2.7 Cross sectional area of the peripheral arteries from 3D scans for male and female, adult and aged mice at core 
temperatures of 35, 36, 37, 38 °C. 
Except for aged males, temperature had an influence on femoral artery area (p = 0.01-
0.003), with statistically significant differences between means within a group for: adult male 
between 35/37, 35/38, and 36/37 °C (p = 0.02-0.03); adult female between 35/36 and 35/38 °C (p 
= 0.02 and 0.003); and, aged female 35/38 °C (p = 0.01). Except for aged males, femoral artery 
area linearly increased with temperature (slopes > 0, p = 0.04-0.007, R2 = 0.91-0.99), and slopes 
were different between groups (p < 0.01; adjusted means: male vs. female 0.026 and 0.021 
mm2/°C; adult vs. aged 0.036 and 0.01 mm2/°C). Relative changes within a given one degree 
temperature interval were influenced by sex and age. For the 35-36 °C interval, the adult 
female’s response was over 7-fold larger than adult males (43.0 vs. 5.9 %/°C, p = 0.04). For the 
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36-37 °C interval, adult males had a larger response than adult females by 3.9-fold (48.7 vs. 12.6 
%/°C, p = 0.05) and aged males by 4.7-fold (48.7 vs. 10.3 %/°C, p = 0.03). The average percent 
increase per degree temperature (averaged across all three intervals 35-36, 36-37, and 37-38) was 
21.1%/°C for adult males, 22.6%/°C for adult females, 0.6%/ºC for aged males, and 19.8%/°C 
for aged females.  
For adult males, temperature had an influence on the popliteal artery at the superior 
location (p = 0.01), with a statistically significant difference between means for 35 and 38 °C (p 
= 0.04). Except for aged males, temperature had an influence on inferior popliteal vessel area for 
all other groups (p = 0.045-0.01), with statistically significant differences between means within 
a group for: adult male between 35/37 and 36/37 °C (p = 0.005 and 0.04); and, adult female 
between 35/37 °C (p = 0.01). Area linearly increased with temperature for both male groups 
(slopes > 0, p = 0.04, R2 = 0.92-.93).  
For ten animals, the superior and/or inferior locations of the saphenous artery, both more 
superficial than the popliteal artery, did not have quantifiable signal at 35 and/or 36°C based on 
the threshold value set from the 38°C dataset. Therefore, values were recorded as zero, relative 
changes within a given one degree temperature interval could not be calculated, and, instead, 
changes in area per degree were used in sex and age comparisons. Except for aged males, 
temperature had an influence on superior saphenous vessel area for all other groups (p = 0.01-
0.004), with statistically significant differences between means within a group for: adult male 
between 35/37 and 35/38 °C (p = 0.03); adult female between 35/38 and 36/38 °C (p = 0.005 and 
0.003); and, aged female between 35/38 °C (p = 0.04). Only aged females demonstrated a linear 
increase in area with temperature (slope > 0, p = 0.03, R2 = 0.93). Except for aged males, 
temperature had an influence on inferior saphenous vessel area for all other groups (p = 0.008-
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.0002), with statistically significant differences between means within a group for: adult male 
between 35/37, 35/38, 37/38, 36/38 °C (p = 0.01, 0.02, 0.006, and 0.007); adult female between 
35/38 and 36/38 °C (p = 0.04); and, aged female between 35/37 and 35/38 °C (p = 0.04 and 
0.005). Like the superior location, only aged females demonstrated a linear increase in area with 
temperature (slope > 0, p = 0.004, R2 = 0.99).  
The tracking length of the saphenous artery is shown in Figure 2.8. Except for aged 
males, temperature had an influence on saphenous tracking length for all other groups (p = 0.02-
0.007). Tracking length linearly increased with temperature (slopes > 0, p = 0.03-0.01, R2 = 0.94-
0.99), with no difference between slopes. 
 
Figure 2.8 MRI tracking length of the saphenous artery for male and female, adult and aged mice at core temperatures of 35, 36, 
37, 38 °C (n = 5 each). 
Distal peripheral vessel area measurements differ between 2D and 3D acquisitions.  
2D data was acquired in a second group of adult male mice to evaluate the contribution of 
blood flow velocity to visualization of peripheral vessels. With the 2D slices planned 
perpendicular to the vessel, as compared to the off-plane 3D acquisitions, absolute values of area 
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were different but percent changes can be compared. For the femoral location, the vessel areas 
from 2D data acquired at 35 and 38°C were 0.12±0.02 and 0.19±0.02 mm2 (comparative 3D data 
shown in Figure 2.7), with increases of 59% (2D) compared to 63% (3D). For the superior 
popliteal location, the vessel areas were 0.07±0.006 and 0.09±0.01 mm2 with percent increases of 
34% (2D) compared to 57% (3D). For the superior saphenous location, the vessel areas were 
0.03±0.002 and 0.06±0.01 mm2 with percent increase of 47% (2D) compared to 235% (3D).  
2.5 Discussion 
Direct, non-invasive measurements of murine vascular structure and function with increasing 
temperature from minimally hypothermic to minimally hyperthermic conditions  
This study provides quantitative insight into cardiovascular responses resulting from 
changes in core temperature, while illustrating an innovative non-invasive approach. Our data: 
show that the response in core vasculature depends on anatomical location; mimic human data in 
the head, heart, and periphery; and, include the novel finding that the aorta enlarges markedly 
with increasing core temperature. We have quantified sex- and age-dependent differences in the 
cardiovascular responses [44], harmonizing with the National Institutes of Health’s recent 
communications regarding lack of sex diversity in preclinical experiments. The results presented 
here accentuate the need to closely control and report animal temperature in preclinical 
cardiovascular studies and provide foundational data (geometry of the vessels) to begin coupling 
empirical values of the body’s physiological response to temperature (based on anatomical 
location, sex, and age) with bioheat and CFD modeling in order to better understand 
thermoregulation.    
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Infrarenal Aorta: Potential impact of changes in core vasculature on heat transfer. 
Our primary endpoint for the aorta was measurements of area with a secondary outcome 
of cyclic strain, both of which are indicators of health and disease [45–48]. Increases in area 
would be hypothesized to impact conductive and convective heat transfer, while decreases in 
strain reflect a reduction in how much a vessel can expand across the cardiac cycle and are a 
representation of increased vascular stiffness [49]. 
The statistically significant temperature-induced enlargement we have quantified in the 
aorta, previously unknown and potentially underestimated, is biologically important because it 
may affect conductive and convective heat transfer. Heat conduction would be hypothesized to 
change due to an increase in surface area, closer proximity to surrounding tissue and vessels, and 
potential changes in velocity. In images acquired at 38°C, the aorta appears to be more closely 
juxtaposed to the infrarenal vena cava (Figure 2.2, arrowhead). Heat transfer via convection 
would be hypothesized to change based on potential changes in bulk flow and/or velocity. The 
large changes in geometry clearly illustrated in this work provide the motivation to pursue direct 
measurements of blood flow velocity by MRI in order to simultaneously quantify geometric and 
hemodynamic changes which could help elucidate conductive and convective processes and 
improve understanding of thermoregulation, directly, or by incorporating empirical values into 
subject-specific bioheat models. 
Infrarenal Aorta: Age moderates the response of core vasculature to increases in temperature. 
Even within a non-pathological range of core temperatures, as tested in this work, 
increases in the cross-sectional area of the infrarenal aorta were significant for all groups. This 
was not what we initially hypothesized due to the depth of this core vessel and thus limited heat 
exchange to the environment. Although relative changes within a particular one degree 
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temperature interval did not differ between groups, the rate of increase over the entirety of 
temperatures tested differed based on age (adult = 0.022 vs. aged = 0.014 mm2/°C). This can be 
visualized in Figure 2.4, where area measurements across the cardiac cycle span a smaller range 
for aged animals, compared to adults, from 35 to 38 °C. The changes in area were linear for all 
groups (R2 = 0.97-0.99), which would make their incorporation into mathematical models 
simpler. 
Although not reaching statistical significance within the current temperature range, the 
biological effect of increased core temperature was a decrease in strain (Figure 2.5). The rate of 
decrease in maximum strain was similar between adult and aged animals (-1.2%/°C vs. -
1.6%/°C, respectively, Figure 2.6) and implies, that with the enlargement of area due to increases 
in temperature, vessels are nearing their elastic limits. Favreau et al. saw a similar relationship 
between increased diastolic area and reduced strain in a murine model of arterial occlusive 
disease [50]. Larger increases in area but similar decreases in strain suggest there may be 
remaining reserve in adult animals, but not their aged counterparts, if we were to challenge the 
CV system further, for example if we were to explore exercise-like conditions in conjunction 
with heat stress. 
Interestingly, adult females had the largest increase in area over the temperature range 
investigated (0.024 mm2/°C), while having the smallest decrease in cyclic strain (-0.3%/°C, 
Figure 2.6). Large structural changes, while retaining the ability to expand over the cardiac cycle, 
may be a reflection of the sex-specific differences known to exist with respect to control of the 
baroreflex system [51]. 
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Periphery: The compromised response in aged male mice parallels human data. 
Although more cautious interpretation of data acquired in the periphery is warranted due 
to the greater influence of blood flow velocity on measurements (i.e. differences between percent 
changes in area for 3D versus 2D data) and the smaller vessel size beginning to challenge the 
spatial resolution of our MRI system, the peripheral vasculature undoubtedly enlarged with 
increasing core temperature. This was as we hypothesized due to its more superficial location 
and its role in carrying blood to the extremities. While Pearson et al. [12] found the human 
femoral artery diameter unchanged in a core temperature range of 37-39 °C, we quantified 
increases in the murine femoral artery area over the 35-38 °C range, with the largest increases 
between  36 and 37 °C [12]. The saphenous artery changed the most, consistent with it being the 
most superficial and its function of supplying blood to the hindlimb digits, one of the primary 
locations for heat exchange with the environment [52]. In aged male mice, the response was 
diminished, or in some locations absent entirely, and is consistent with data on the response of 
cutaneous vasculature of aged male humans [21,53]. Unlike aged male mice, aged females 
responded more similarly to adult animals of both sexes [54]. 
Head and Heart: Non-invasive quantification of cerebral and cardiac effects is consistent with 
previous results. 
Temperature did not have an effect on cross-sectional area of the murine cerebral 
vasculature, as we hypothesized. This is likely due to the CoW not being superficial and thus not 
a site for large heat exchange with the environment as well as temperature-induced changes in 
the central nervous system being balanced with autoregulatory mechanisms [55]. Our results 
agree with previous work in humans showing cerebral blood flow was unchanged up to core 
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temperatures of ~38 °C and then began to decrease during more severe hyperthermia (core 
temperature ≥ 39.5 °C) [29,30,56].  
Similar to previous cardiac data, females had smaller CO and larger EF than males of the 
same age [57] and contrary to previous findings [58] aged animals had larger SV and CO than 
younger groups of the same sex. The latter may be due to our aged mice just bordering 
senescence without frank declines in cardiac function, which would be consistent with findings 
in humans suggesting that age-related vascular changes (as we saw in the aorta and periphery) 
precede declines in cardiac function [59]. As we hypothesized based on the need to maintain 
blood pressure due to a large reduction in total vascular resistance [31], supported by our 
peripheral data, the response to increased temperature was an increase in CO. Although increases 
were statistically significant only for the adult female group, the qualitative differences in 
changes in CO based on sex and age parallel human data. The adult female and both aged groups 
increased CO via increased HR, whereas the adult male group increased CO via increases in both 
heart rate and stroke volume. Minson et al. showed that during passive heating male subjects 
demonstrated age-dependent differences in CO due to younger subjects having an initial increase 
in SV before a subsequent decline for both groups [24]. Also, SV and CO decreased in aged 
males between 37 and 38°C (heat stress), but not in aged females, which is consistent with heat 
stress research in humans in this temperature range [24,58,60]. 
Setpoints: Data support the idea of subject-specific core temperature setpoints. 
Looking broadly across all metrics, the temperature interval at which the largest response 
occurred differed based on sex and age. Excluding measurements taken in the head, we 
considered twelve measurements for each group of animals. Adult males were focused around 
the 36-37 °C interval with the largest response in eight metrics, with two metrics each at the 35-
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36 and 37-38 °C intervals. Adult females had the largest response in four and six metrics at the 
35-36 °C and 36-37 °C intervals, respectively, and two at 37-38 °C. Aged males had the largest 
response at the 35-36 °C and 36-37 °C intervals for five metrics each, and 37-38 °C for two 
metrics. Aged females had the most distributed response with each of the three temperature 
intervals (35-36, 36-37, and 37-38 °C) having the largest response for four metrics. 
Physiologically, this could be an indicator of different animal core temperature setpoints as seen 
previously in C57BL6 mice [61]. 
2.6 Conclusions 
Due to challenges associated with making measurements from core vasculature, there is a 
lack of empirical information regarding how it changes with changing core temperature and its 
role in thermoregulation. Researchers have begun to study this response in the leg [12,14], and 
we have expanded this to the whole body. With the non-invasive nature of MRI and our ability to 
tightly control our animals’ temperature, data presented here begin to fill this gap. To our 
knowledge, this is the first work to quantify and compare temperature-induced changes in core 
vessels of the head, torso, and periphery of murine models. These data provide a broad view of 
physiological alterations of the murine cardiovascular system due to increases in core 
temperature, from head-to-toe. Our most important finding that the cross-sectional area of the 
infrarenal aorta increases significantly with increasing core temperature is biologically 
significant due to the potential impact these changes could have on conductive and convective 
processes involved in thermoregulation. This work provides further evidence of the effects of sex 
and age on CV responses and emphasizes the necessity to properly control an animal’s 
temperature and report it in publications. In subsequent chapters, this thesis will consider 
additional structural and functional responses in the arteries and veins in Chapter 3, the velocity 
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and volumetric flow responses in Chapter 4, and the combination of a CV stressor and 
temperature for Chapter 5.    
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Comparison of arterial and venous response to increases in core body temperature 
3.1 Abstract 
Purpose: Deep core veins, due to their large size and role in returning blood to the heart, 
are an important part of CV system. The response of veins to increasing core temperature has not 
been adequately studied in vivo. Our objective was to non-invasively quantify in C57BL/6 mice 
the response of artery-vein pairs to increases in body temperature.  
Methods: Adult male mice were anesthetized and underwent magnetic resonance 
imaging. Data were acquired from three co-localized vessel pairs (the neck [carotid/jugular], 
torso [aorta/inferior vena cava (IVC)], periphery [femoral artery/vein]) at core temperatures of 
35, 36, 37, and 38 °C.  
Results: Cross-sectional area increased with increasing temperature for all vessels, 
excluding the carotid. Average area of the jugular, aorta, femoral artery and vein linearly 
increased with temperature (0.10, 0.017, 0.017, and 0.027 mm2/°C, respectively; p<0.05).  On 
average, the IVC has the largest venous response for area (18.2 %/°C, vs. jugular 9.0 and femoral 
10.9 %/°C). Increases in core temperature from 35 to 38 °C resulted in an increase in contact 
length between the aorta/IVC of 29.3% (p=0.007) and between the femoral artery/vein of 28.0% 
(p=0.03).   
Conclusion: Previously unidentified increases in the IVC area due to increasing core 
temperature are biologically important because they may affect conductive and convective heat 
transfer. Vascular response to temperature varied based on location and vessel type. Leveraging 
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non-invasive methodology to quantify vascular responses to temperature could be combined with 
bioheat modeling to improve understanding of thermoregulation.  
3.2 Introduction 
Increasing core temperature has been observed to result in: either increases or decreases 
in cerebral blood flow depending on the temperature range [7–9], increased cardiac output 
[10,11], and decreased total peripheral resistance [10,12]. Absent from this previous work was 
empirical data regarding geometric (size and shape) and functional (deformation across cardiac 
cycle) changes in core vessels, which are necessary for improved parameterization and validation 
of mathematical and computational models [13,14]. Chapter 2 quantified cardiac output and the 
arterial response (area and cyclic strain) to increases in core temperature from head-to-toe [15]. 
However, data regarding changes in the core (alternatively, deep) veins are still missing from this 
body of work. Literature suggests that with a decrease in temperature, the cross-sectional area of 
core veins in the torso will increase [16]. It is proposed that this is due to the shunting of blood 
away from the periphery and subcutaneous vessels to minimize heat exchanged with the 
environment and to increase venous return flow while decreasing blood velocity to increase the 
heat exchanged between artery-vein pairs, via the process of counter-current heat exchange [16–
18].  
It is important to study both arteries and veins because of their differential influence on 
convective and conductive processes as well as counter-current heat exchange. For example: 65-
75% of total blood volume is distributed in the venous system [19,20]; in the arteries, there is 
high-pressure flow, and thus higher blood flow velocity, compared to the low-pressure/slower 
flow in the veins; and, differences in wall composition and thickness (e.g. the amount, location, 
and orientation of elastin, collagen, smooth muscle cells (SMC)) affect the stress-strain 
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relationship and thus how an artery or vein will respond to stimuli, such as temperature, as well 
as the thermal conductivity of the vessel wall itself [21]. 
Using C57BL/6 mice [22] and MRI, we noninvasively quantified changes in artery-vein 
pairs in the neck (carotid/jugular), torso (infrarenal aorta/inferior vena cava (IVC)), and 
periphery (femoral artery/vein) at four target core temperatures. We hypothesized that as core 
temperature was increased from minimally hypothermic at 35 °C to minimally hyperthermic at 
38 °C vascular response would vary based on location in the body from cranial to caudal (e.g. 
neck < torso < periphery) as well as depth (e.g. femoral artery > carotid artery and aorta, jugular 
and femoral veins > IVC). To our knowledge, these data are the first to empirically quantify the 
spatially and temporally resolved response of artery-vein pairs of core vasculature to changes in 
core temperature in vivo from head-to-toe. This geometric and functional data could be used to 
couple bioheat modeling and computational fluid dynamics (CFD) to improve understanding of 
thermoregulation. 
3.3 Methods 
All experiments were carried out with local Institutional Animal Care and Use 
Committee approval. Animals were housed in a room with temperature (22 ± 2 °C) and humidity 
(~27%) control and an alternate 12 hour light/dark cycle. 
Healthy adult male (12- to 20-weeks-old, ~22-30 human years [23]) C57BL/6 mice, 
purchased from Charles River Laboratories, were used in this study. Male mice were chosen in 
this initial study of artery-vein pairs because this sex showed the smallest response in the aorta in 
our previous work (male: 0.019 mm2/°C vs. female: 0.024 mm2/°C, [15]). Mice were 
anesthetized with 1.25-2% isoflurane in 1 L/min of oxygen [24]. Animals were imaged in the 
supine position at 7T using a Direct Drive console (Agilent Technologies, Santa Clara, CA) and 
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a 40 mm inner diameter transmit-receive volume coil (Morris Instruments, Ontario, Canada). 
The four target core temperatures, ranging from minimally hypothermic (35 °C) to minimally 
hyperthermic (38 °C), were controlled within ± 0.2 °C using forced convection and were selected 
to avoid pathological changes [25,26]. The system included a heater blowing warm air through 
the bore of the magnet and over the animal, a rectal temperature probe, and a custom-built 
proportional-integral-derivative (PID) controller (Labview, National Instruments, Austin TX). 
Heart rate and respiration were monitored (SA Instruments, Stony Brook, NY).    
Figure 3.1 illustrates the locations investigated in this study. CINE data was acquired in 
the neck (carotid artery and jugular vein), torso (infrarenal aorta and inferior vena cava), and 
periphery (femoral artery and vein). To acquire all locations for a given animal, with four target 
core temperatures tested at each location, three imaging sessions were required (approximately 
two hours each). Each region was completed within two weeks before acquiring data from the 
next region; therefore, ages ranged 1-2 weeks within a region and 2-8 weeks between regions. To 
verify that changes observed in the vasculature were not due to long exposures to anesthesia, the 
same data acquisition and analysis procedures were repeated every 30 minutes with animal’s 
core temperature maintained at 37 °C for two hours (n = 2, adult males). Data were acquired at 
the carotid artery and jugular vein, aorta and IVC, and femoral artery and vein. To acquire 
preliminary data regarding the thermal environment while imaging, skin and rectal temperatures 
were recorded using two tissue implantable thermocouple microprobes, IT-23 (Physitemp 
Instruments Inc, Clifton, NJ), inserted subcutaneously on the ventral and dorsal side of mice (n = 
2, adult males), and a rectal temperature probe. Because the thermocouples are not MRI 
compatible, a set-up to mimic the magnet bore was used for testing outside the 5 Gauss line in 
the MR room. The set-up included a polyvinyl chloride (PVC) pipe size 6 with approximately 
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same diameter and cut to same length as magnet bore and the same PID controlled heater and 
fan.     
 
Figure 3.1 Coronal MIP illustrating arterial and venous locations where imaging data was acquired and quantified. 
 
Neck: Carotid Artery and Jugular Vein 
Sagittal 2D and axial 3D acquisitions were used to plan slices perpendicular to the carotid 
artery and to the jugular vein. A cardiac-gated and velocity compensated 2D CINE sequence 
with 12 frames was used to acquire data at each location. Parameters for the carotid artery were 
[TR/TE ~120/4 ms depending on heart rate, flip angle (α) 60o, FOV (20 mm)2, matrix 2562 zero-
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filled to 5122, in-plane resolution (39 µm)2, slice thickness 1 mm, NEX 6]. Parameters for the 
jugular vein were [TR/TE ~120/6 ms depending on heart rate, α 30º, FOV (25.6 mm)2, matrix 
512 x 256 zero-filled to 5122, in-plane resolution (50 µm)2, slice thickness 1 mm, NEX 6]. The 
difference in parameters (reduced flip angle and resolution, respectively) reflects the slower 
blood flow and larger size of the veins. These parameters were optimized in a separate, 
independent study focused on the venous system and allowed us to compare data from the 
present work [27]. Typically, there were 14 voxels across the carotid artery and 24 voxels across 
the jugular vein. 
The CINE images were analyzed for vessel cross-sectional area and cyclic strain using an 
in-house semi-automated process previously described in Equation 6.  
Torso: Infrarenal Aorta and Inferior Vena Cava (IVC) 
Coronal 2D and sagittal 3D acquisitions were used to plan slices perpendicular to the 
aorta and to the IVC. Image acquisition parameters and analysis were identical to that performed 
for the carotid artery and jugular vein. Typically, there were 18 voxels across the artery and 24 
voxels across the vein. Using manual tracing along the contiguous border between the artery and 
vein, the contact length between the aorta and IVC was measured at 35 and 38 °C for both 
systole and diastole from data acquired from the IVC (MRVision, MA). 
Peripheral: Femoral Artery and Vein 
Coronal 2D and sagittal 3D acquisitions were used to plan slices perpendicular to the 
artery and to the vein. Data acquisition and analysis were identical to that performed for the 
carotid artery and jugular vein. Typically, there were 10 voxels across the artery and 12 voxels 
across the vein. The contact length between the artery and vein was measured at 35 and 38 °C for 
systole and diastole from data acquired from the femoral vein (MRVision, MA).   
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Statistical Analysis 
Data are plotted as mean ± standard error (SEM) with individual data points. To compare 
areas (average, maximum, minimum) or maximum cyclic strain derived from a given vessel, 
repeated measures one-way ANOVA was used to test for an overall effect of temperature and 
Tukey’s post hoc test was used to account for multiple comparisons while testing for pairwise 
differences between temperatures. To investigate the relationship between temperature and area 
or strain over the full temperature range tested, linear regression was used and fitted slopes were 
tested for whether they differed from zero. Two methods were used to compare artery-vein pairs. 
Firstly, the slopes from the linear regression analysis were compared between co-localized 
artery-vein pairs. Secondly, the percent change per one degree increase in temperature (%/°C) 
was calculated for average area and maximum cyclic strain of each vessel and compared using 
two-way ANOVA with Tukey’s post hoc test to determine main group effects of location and 
vessel type. A relative difference (the percent change) was used to account for differences in the 
size of anatomical structures. To test if the contact length differed between 35 and 38 °C at the 
aorta/IVC and the femoral artery/vein, a two-tailed paired t-test was used. Significance was set at 
p < 0.05.   
3.4 Results 
Representative images from the three regions of the body, acquired at 35 and 38 °C, are 
shown in Figure 3.2. Qualitatively, with increasing temperature, there is no discernable increase 
in either diastolic (minimum) or systolic (maximum) area of the carotid artery. However, there is 
a noticeable increase in both areas for all other vessels.  
Figure 3.3 summarizes area averaged across the cardiac cycle and maximum cyclic strain 
for the three pairs of co-localized vessels. In Figure 3.4, average area and maximum cyclic strain 
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are plotted together to highlight their relationship. Table 3.1 summarizes the results of average 
area and maximum cyclic strain, including non-significant findings.  
 
Figure 3.2 Cross-sectional view of the artery-vein pairs at 35 and 38°C with the same-sized region of interest drawn around the 
vessel for all four panels (diastole/systole; 35/38°C). 
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Table 3.1 Summary of results of response in arterial and venous pairs. 
 Data presented as mean ± SEM, or for location comparisons percent change per degree. Temperature-interval specific data are listed below with the only significant findings at the 
35-36 °C interval, and p-value is denoted in parentheses. IVC: inferior vena cava, NS = not significant. 
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Heart rate linearly increased with temperature: 515.3 ± 6.8 at 35 °C, 533 ± 21 at 36 °C, 
535.4 ± 24.4 at 37 °C, 554.2 ± 24.6 at 38 °C (or 11.9 bpm/°C, p = 0.03, R2=0.93). Two hours of 
isoflurane exposure at normothermic conditions (37 °C) resulted in minimal changes in heart rate 
(mouse 1: 431, 429, 423, 426 bpm; and, mouse 2: 534, 545, 553, 530 bpm) or vessel area (avg. -
0.95%/30 min). With the animal in the supine position, warm air passes over the ventral surface 
of the animal. Throughout the temperature range tested, ventral and dorsal skin temperature 
averaged 0.1 and 0.94 °C less than core temperature, respectively.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Vessel area averaged (top) and maximum cyclic strain (bottom) across the cardiac cycle for arteries (left) and veins 
(right) at four core body temperatures. 
Cross-sectional area of the jugular vein increased with increasing core temperature. 
Temperature did not have an effect on average area of the carotid artery (Figure 3.3). 
Temperature did influence average area of the jugular vein (p = 0.006), with statistically 
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significant differences between means at 35/38 °C (p = 0.03, Figure 3.3). The cross-sectional 
area of the jugular vein linearly increased with temperature by 0.10 mm2/°C, or ~40 voxels/°C 
(slope > 0, p=0.0007, R2=0.99, Figure 3.4). Cross-section area of the jugular vein but not the 
carotid artery, increased with increasing temperature for all timepoints across the cardiac cycle.  
The average percent change in maximum and minimum areas for the carotid were 2.1 and -0.7 
%/°C, respectively, and for the jugular were 10.5 and 10.5 %/°C, respectively. With minimal 
change or similar increases in maximum and minimum vessel area in the carotid and jugular, 
respectively, maximum cyclic strain did not change with core temperature (Figure 3.3). 
 
Figure 3.4 Average vessel area (left) and maximum cyclic strain (right) for artery-vein pairs at four core body temperatures: 35, 
36, 37, 38 ºC (n=5 adult male mice). 
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Cross-sectional area of the aorta and IVC increased with increasing core temperature. 
 Temperature had an influence on average vessel area for both the aorta (p = 0.02) and 
IVC (p = 0.05, Figure 3.3) with statistically significant differences between means for the aorta 
at 35/36 °C and 35/37 °C (p = 0.03, p = 0.002). The average area of the aorta linearly increased 
by 0.017 mm2/°C or ~11 voxels/°C (slope > 0, p=0.03, R2=0.94, Figure 3.4). Although the slope 
was not found to be significantly different from zero, the average area of the IVC increased 0.14 
mm2/°C or ~56 voxels/°C, R2= 0.83. 
Cross-sectional area of the aorta and IVC, increased with increasing temperature for 
nearly all timepoints across the cardiac cycle, with the exception of the IVC at 36 and 37 °C 
where values were nearly identical. The average percent increase in maximum and minimum 
areas for the aorta were 4.3 and 6.6 %/°C, respectively, and for the IVC were 17.9 and 18.8 
%/°C, respectively. Although the slope was not found to be different from zero, the maximum 
cyclic strain of the IVC decreased -1.05 %/°C, R2= 0.80.  
Cross-sectional area of the femoral artery and vein increased with increasing core 
temperature.  
Temperature had an influence on average vessel area for the artery (p = 0.002) and vein 
(p = 0.05), with statistically significant differences between means for the artery at 35/37 °C and 
35/38 °C (p = 0.003 and 0.0004, respectively, Figure 3.3).The average area of the femoral artery 
and vein linearly increased by 0.017 mm2/°C or ~11 voxels/°C (slope > 0, p = 0.05, R2 = 0.90) 
and 0.027 mm2/°C or ~11 voxels/°C (slope > 0, p=0.04, R2=0.92, Figure 3.4), respectively. 
When comparing slopes, the slope of area versus temperature for the femoral vein was larger 
than for the femoral artery (p = 0.02).  Cross-sectional area of the artery and vein increased with 
increasing temperature for nearly all timepoints across the cardiac cycle. The average percent 
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increase in maximum and minimum areas for the artery were  22.0 and 28.6 %/°C, respectively, 
and for the vein were 10.5 and 11.3 %/°C, respectively. Temperature had an influence on 
maximum cyclic strain for the artery (p = 0.03) and the vein (p = 0.01), with statistically 
significant differences between means for the vein at 35/37 °C (p = 0.008, Figure 3.3). 
Response as measured by relative changes in average area was location-dependent for 35-36 
°C   
Relative changes in average area over a one degree temperature interval (%/°C), 
compared using two-way ANOVA with Tukey’s post hoc test, were influenced by location and 
vessel type at the 35-36°C interval (Table 3.1). The IVC response (39.2 %/°C) was 7.4-fold 
larger than the aorta response (5.42 %/°C, p = 0.04) and over 12-fold larger than the carotid 
response (-3.23 %/°C, p = 0.004). The femoral artery response (52.7 %/°C) was over 16-fold 
larger than the carotid response (-3.23 %/°C, p<0.0001), 9.8-fold larger than aorta response (5.42 
%/°C, p=0.0009), and 4.6-fold larger than the jugular response (11.3 %/°C, p=0.005). Location 
and vessel type did not have an effect on response as measured by changes in maximum cyclic 
strain. 
Contact length between artery and vein increased between 35 and 38 °C 
Qualitatively, the contact length between the infrarenal and femoral artery-vein pairs 
increased between 35 and 38 °C (Figure 3.2). In Figure 3.5, the contact length is plotted for the 
aorta/IVC and femoral artery/vein at 35 and 38 °C at diastole and systole. Increases in core 
temperature resulted in an increase of 29.3% in contact length between the aorta and IVC for 
systole (p = 0.007) and an increase of 28.0% in contact length between the femoral artery and 
vein for diastole (p = 0.03).   
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Figure 3.5 Contact length of contiguous (touching) portion of vessel calculated for core body temperatures of 35 and 
38 °C at diastole and systole for the infrarenal and femoral locations 
3.5 Discussion 
In contrast to our previous study [15], adult males showed a linear increase in heart rate 
with increasing temperature. However, the slopes are not statistically different between the two 
studies (p = 0.17), and one slope can be calculated from all 10 animals: 8.3 bpm/°C. Also from 
our previous study, although not statistically significant, there was a trend of increased stroke 
volume with increasing temperature (36.1 vs. 37.1 µL/beat, p = 0.5 [15]). With an increase in 
heart rate and either no change or an increase in stroke volume, cardiac output would increase. 
Temperature-induced increases in cardiac output would cause an increase in volumetric flow rate 
in the body, and may also be necessary to maintain blood pressure subsequent to large reductions 
in total vascular resistance resulting from cutaneous vasodilation [10].  
Femoral artery and infrarenal vena cava exhibit the largest relative changes in area 
When comparing the relative vascular response between locations (Table 3.1), 
statistically significant differences were seen at the 35-36 °C interval. However, different 
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patterns of response between core arteries and veins, based on cranial-caudal location and depth, 
are apparent. 
Arterial responses to temperature are consistent with previous findings. Lack of change in 
the carotid artery is reminiscent of our initial work showing minimal vascular response in the 
Circle of Willis with changes in core temperature. Furthermore,  increases in cross-sectional area 
of the aorta due to increasing core temperature are in close accord with Chapter 2 data (0.017 
mm2/°C, Figure 3.4; compared to 0.019 mm2/°C [15]). As expected, the largest effects of 
temperature were seen in the femoral artery when comparing relative data (%/°C) [10,12]. 
Averaged across the temperature range investigated here, the arterial response increased from 
cranial to caudal and the more superficial femoral artery had a larger response than the deeper 
aorta, (carotid -1.4 %/°C, aorta 4.2 %/°C, and femoral 25.2 %/°C; Table 3.1). This would be 
consistent with the periphery and more superficial vessels being a site for heat exchange with the 
environment [10,12].    Two patterns of response were seen in the veins with respect to cranial-
caudal location. First, relative increases in area were larger in the torso for 35-36 °C (jugular, 
IVC, femoral vein: 11.3, 39.2, 21.5%) and 37-38 °C (jugular, IVC, femoral vein: 8.1, 15.5, 3.5%; 
Table 3.1). Relative increases in area were larger away from the torso for 36-37 °C (jugular, 
IVC, femoral vein: 12.2, -0.04, 7.6%). An increase in area of the jugular vein with an increase in 
temperature was expected since there is limited conduction through the skull, and therefore, heat 
must be removed from the brain via the venous blood [28,29]. Increases in the area of the 
infrarenal IVC have not been identified previously and would be predicted to affect conductive 
and convective heat transfer. Changes in the femoral vein reinforce the concept that peripheral 
and more superficial vessels constrict with decreased temperature to minimize heat loss and, 
conversely, dilate with increased temperature to maximize heat loss [12]. Compared to arteries, 
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veins had a different pattern of response based on depth. Previous research suggests that with a 
decrease in temperature, core veins in the torso vasodilate to keep blood centrally and away from 
the skin and periphery where it might lose heat to the environment [16,17,30]. Researchers 
hypothesized that this mechanism would lead to an increase in venous return flow with a 
subsequent decrease in blood velocity, due to increased cross-sectional area of the vein. This, in 
turn, would promote heat transfer from the artery to the vein (increased counter-current heat 
exchange [18]). Our results illustrate the opposite (Figure 3.3).S The infrarenal IVC had the 
largest relative increase in area for veins (18.2 %/°C, compared to 9.0 and 10.9 %/°C for the 
jugular and femoral vein, respectively). This suggests that there is a decrease in venous return 
flow with decreased temperature. This could result from reduced cardiac output  [15]  and aortic 
flow at lower temperatures (as implied by reduced aortic area at lower temperatures). 
Additionally, recent research has revealed that the enteric nervous system, coined the “second 
brain”, controls more than just digestion and has large blood flow demands [31,32]. At lower 
core temperatures, arterial blood may be redistributed to the gastrointestinal tract in order to 
maintain its temperature. The gut’s venous return occurs at a location superior to the infrarenal 
IVC, and thus, increases in venous return flow with decreases in core temperature may still occur 
in the IVC superior to the location investigated in this work.  
With no other physiological adjustments, the enlargement of the infrarenal IVC with 
increasing core temperature that we quantified here would act to minimize increases in blood 
velocity with increased cardiac output [10,11,15], and increase counter-current heat exchange, 
potentially leading to deleterious effects as more heat is transferred centrally. However, the 
hemodynamically inactive blood volume (60-70% of total blood volume [33]) may decrease with 
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increased core temperature and cardiac output. This would lead to increases in bulk flow at all 
depths and, thus, greater heat exchange with the environment.  
Increases in contact length between artery-vein pairs could increase conductive heat transfer 
Vessel composition affects the thermal conductivity of the vessel wall. Heat conduction 
between tissues depends on their thermal conductivities as well as the area of contact between 
the two tissues. Changes in contact length between artery-vein pairs due to changing temperature 
have not been investigated previously. Assuming that contact length also increases proximally 
and distally to the location at which imaging data were acquired, the increased contact lengths 
for the aorta/IVC and femoral artery/vein (Figure 3.5) suggest an increase in surface area 
between these artery-vein pairs. And, heat transfer via conduction would be hypothesized to 
increase between the artery and vein. Quantifying arterial/venous blood and tissue temperatures, 
while altering core temperature, will be essential to verify this. 
Considerations for bioheat modeling 
Data presented here can direct where and when temperature-dependent changes in 
geometry and strain need to be considered when coupling CFD and bioheat modeling [14,34,35]. 
For example, the carotid is an anatomical location where you would not need to incorporate 
geometric changes due temperature. By contrast, changes in geometry would be pertinent for the 
aorta, femoral artery, and all the veins studied here. With respect to implementation, we show a 
nearly linear dependence between vessel area and temperature in the jugular vein, infrarenal 
aorta, femoral artery, and femoral vein (Figure 3.4). In the infrarenal IVC there is not a linear 
relationship due to the large increase between 35-36 °C and, again, between 37-38 °C. However, 
there is a clear overall increase in vessel area with temperature. A larger temperature range, and 
thus more data points, is necessary to appropriately fit the non-linear data. Changes in contact 
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length should also be considered, due to their potential contribution to heat transfer via 
conduction. Strain data, even if not dependent on temperature, is important for deformable wall 
models in CFD [36] and data provided here illustrate large differences in cyclic strain between 
arteries and veins, which is consistent with previous work [27].  
3.6 Conclusions  
Challenges in measuring core vasculature have resulted in a lack of empirical information 
regarding how it might change with core temperature and its role in thermoregulation. 
Researchers have begun to study the response of core vessels in the leg [41,42]. In Chapter 2, we 
expanded this to the whole body for the arterial system in C57BL/6 mice [15], describing 
geometric and functional changes in the infrarenal aorta that demonstrate the importance of 
studying core arteries in response to changes in core temperature. In this chapter, we extend our 
investigations to the venous system by optimizing our non-invasive MRI data acquisition 
methods. The veins are an important part of the cardiovascular system’s role in thermoregulation 
since blood returning to the heart must be warmed to core temperature via the activation of 
brown adipose tissue (BAT), countercurrent heat exchange, or other means of heat generation 
[22,43,44]. Although cutaneous veins are undoubtedly involved in thermoregulation [16,20,45], 
our data show that changes in the IVC, despite its depth, must also be considered. Our most 
important finding that the cross-sectional area of the core veins, particularly the IVC, is 
significantly smaller at lower temperatures is biologically significant due to the potential impact 
these changes could have on conductive and convective processes involved in thermoregulation. 
Changes in vasculature quantified in this chapter, motivated further study of the core 
vasculature’s response to temperature including blood velocity and volumetric flow (Chapter 4) 
as well as combination studies (Chapter 5).  
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Blood flow distribution with increasing core temperature 
4.1 Abstract 
Purpose: To fully understand the cardiovascular system’s role in thermoregulation, blood 
distribution (influenced by cardiac output, vessel size, blood flow, and pressure) must be 
quantified, ideally across sex and age. The purpose of this study is to determine the influence of 
sex and age on the CV response to temperature. 
Methods: Male and female, adult and aged, mice were anesthetized and imaged at 7T. 
Data were acquired from four co-localized vessel pairs (the neck [carotid/jugular], torso 
[suprarenal and infrarenal aorta/inferior vena cava (IVC)], periphery [femoral artery/vein]) at 
core temperatures of 35, 36, 37, and 38 °C. Sixteen CINE, ECG-gated, phase contrast frames 
with one-directional velocity encoding (through plane) were acquired perpendicular to each 
vessel: TR/TE ~180/5ms, field of view arteries/veins (20/25.6 mm)2, flip angle arteries/veins 
(60º/20º), matrix 1282 zero-filled to 2562, slice thickness 1 mm, 2 excitations, VENC 20-120 
depending on the vessel). Each frame was blood velocity and volumetric flow using a semi-
automated in-house MATLAB script. 
Results: Blood velocity and volumetric flow were quantified in eight vessels at four core 
body temperatures. Flow in the infrarenal IVC linearly increased with temperature for all groups 
(p = 0.002; adjusted means: male vs. female, 0.37 and 0.28 mL/(min • °C); adult vs. aged, 0.22 
and 0.43 mL/(min • °C)).Comparing average volumetric flow response to temperature, groups 
differed for the suprarenal aorta (adult < aged, p<0.05), femoral artery (adult < aged, p<0.05), 
and femoral vein (adult male < aged male, p<0.001).  
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Conclusions: With this work, we have been able to distinguish contributions from 
changes in area and blood velocity which would be important for more accurate bioheat 
modeling. In aged animals, flow increases were driven primarily by velocity changes suggesting 
a diminished ability for structural changes in area. These changes in blood velocity are also 
likely causing changes in wall shear stress which is an important metric in cardiovascular disease 
progression. 
4.2 Introduction   
As described in section 3.2, literature suggests that with a decrease in temperature, the 
blood flow in the core veins in the torso will increase [22] due to the shunting of blood away 
from the periphery and subcutaneous vessels to minimize heat exchanged with the environment 
[22–24], Chapters 2 and 3 illustrated an increase in the cross-sectional area of arteries and veins, 
from head-to-toe, due to increases in core temperature [25,26]. These geometric results imply 
flow would decrease with a decrease in temperature. However, data regarding velocity, and 
hence volumetric flow in the core (alternatively, deep) veins and arteries are necessary to 
confirm our initial findings.  
Using healthy C57B/6 mice [27] and MRI, we noninvasively quantified blood velocity 
and calculated volumetric flow changes in artery-vein pairs in the neck (carotid/jugular), torso 
(suprarenal and infrarenal aorta/inferior vena cava (IVC)), and periphery (femoral artery/vein) at 
four target core temperatures. We hypothesized that: blood flow would increase as core 
temperature increased from minimally hypothermic at 35 °C to minimally hyperthermic at 38 °C; 
the magnitude of blood flow increase would vary based on anatomical location; and, aged males 
would have a diminished response  [25]. To our knowledge, these data are the first to empirically 
quantify the spatially and temporally resolved blood velocity/flow response of artery-vein pairs 
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of core vasculature to changes in core temperature in vivo from head-to-toe. This functional data 
could be used to couple bioheat modeling and computational fluid dynamics (CFD) to improve 
understanding of the complex process of thermoregulation. 
4.3 Methods 
All experiments were carried out with local Institutional Animal Care and Use 
Committee approval. Animals were housed in a room with temperature (22 ± 2 °C) and humidity 
(~27%) control and an alternate 12 hour light/dark cycle. 
Animals and normothermic data were collected in a previous study [Crouch 2019, 
pending acceptance]. Methods for imaging are briefly repeated here. For both studies, healthy 
adult (12- to 14-weeks-old, ~20-25 human years) and aged (52- to 58-weeks-old, ~50 human 
years [28]), male and female, C57BL/6 mice, purchased from Charles Rivers Laboratory, were 
used in this study (n = 5 each, total = 20). Mice were anesthetized with 1.25-2% isoflurane in 1 
L/min of oxygen [29]. Animals were imaged in the supine position at 7T using a Direct Drive 
console (Agilent Technologies, Santa Clara, CA) and a 40 mm inner diameter transmit-receive 
volume coil (Morris Instruments, Ontario, Canada).   
In this study, the four target core temperatures, selected to avoid pathological changes 
[30,31], ranged from minimally hypothermic (35 °C) to minimally hyperthermic (38 °C) within 
± 0.2 °C. The forced convection system included a heater blowing warm air through the bore of 
the magnet and over the animal, a rectal temperature probe, and a custom-built proportional-
integral-derivative (PID) controller (Labview, National Instruments, Austin TX). Heart rate and 
respiration were monitored (SA Instruments, Stony Brook, NY).    
Figure 4.1 illustrates the locations investigated in this study [25,26]. CINE phase contrast 
data was acquired in the neck (carotid artery and jugular vein), torso (suprarenal/infrarenal aorta 
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and inferior vena cava), and periphery (femoral artery and vein). To acquire all four locations for 
a given animal, with four target core temperatures tested at each location, two imaging sessions 
were required (approximately two hours each). To verify that changes observed in the 
vasculature were not due to long exposures to anesthesia, the same data acquisition and analysis 
procedures were repeated every 30 minutes with animal’s core temperature maintained at 37 °C 
for two hours (n = 2, adult males) [26]. Data were acquired at the carotid artery and jugular vein, 
suprarenal and infrarenal aorta and IVC, and femoral artery and vein. 
MRI Slice planning and parameters 
Sixteen cardiac-gated 2D CINE, phase contrast frames with one-directional velocity 
encoding (through plane) were acquired perpendicular to each vessel with methods reported in 
full elsewhere [Crouch 2019, pending acceptance]. The PCMRI sequence involved repeated 
measurements using reversed, bipolar, linear gradients. Parameters for the arteries were [TR/TE 
~180/5 ms depending on heart rate, flip angle (α) 60o, FOV (20 mm)2, matrix 1282 zero-filled to 
2562, in-plane resolution (78 µm)2, slice thickness 1 mm, NEX 2]. Parameters for the jugular 
vein were [TR/TE ~180/5 ms depending on heart rate, α 20º, FOV (25.6 mm)2, matrix 1282 zero-
filled to 2562, in-plane resolution (100 µm)2, slice thickness 1 mm,  NEX 2]. The difference in 
parameters (reduced flip angle and resolution, respectively) reflects the slower blood flow and 
larger size of the veins.  
Velocity encoding (VENC) parameter was optimized for each vessel, data not shown: 
carotid 100 cm/sec, jugular 20 cm/sec, suprarenal aorta 120 cm/sec, suprarenal IVC 20 cm/sec, 
infrarenal aorta 80 cm/sec, infrarenal IVC 20 cm/sec, femoral artery 40 cm/sec, and femoral vein 
20 cm/sec. 
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MRI Analysis: Cross-sectional area, velocity, volumetric flow 
The CINE images were analyzed for vessel cross-sectional area, average and maximum 
blood velocity, and volumetric flow using an in-house semi-automated Matlab code [Crouch 
2018, pending acceptance]. Volumetric flow of the entire vessel was calculated by the following 
Equation 7. 
Equation 7 
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐹𝑙𝑜𝑤 = ∑ 𝐴𝑟𝑒𝑎𝑣𝑜𝑥𝑒𝑙 ∗ 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑣𝑜𝑥𝑒𝑙 
 
Figure 4.1 Coronal maximum intensity projection (MIP) (Crouch et al. 2018) illustrating arterial and venous locations where 
imaging data was acquired and quantified. 
Statistical Analysis 
Data are plotted as mean ± standard error (SEM). Velocity and volumetric flow were 
positive for flow in the positive Z-direction (carotid, IVC, femoral vein) and negative for flow in 
the negative Z-direction (jugular, aorta, and femoral artery). However, all results were tested and 
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are reported as the absolute value to be able to compare locations. To test whether temperature 
had an effect on a given metric within a group of animals, repeated measures one-way ANOVA 
and Tukey’s post hoc test to account for multiple comparisons was used, with temperature 
treated as categorical.  
Three methods were used to evaluate differences between groups. First, to compare 
relative changes within a given one degree temperature interval (i.e. 35-36, 36-37, or 37-38 °C), 
the percent change per one degree increase in temperature (%/°C) was calculated for each metric 
to account for potential differences due to size between groups [25]. Using the %/°C values, the 
effects of sex and age were assessed via two-way ANOVA and Tukey’s post hoc test. Secondly, 
to compare absolute changes over the four degree temperature interval, linear regression was 
applied to mean velocity and mean volumetric flow averaged across the cardiac cycle. For 
example for mean velocity, regression resulted in a fitted line with units of cm/(s • °C). Slopes 
were assessed for linearity (R2) and tested for being non-zero and different between groups. 
Finally to determine sex and age differences at each temperature, the metrics at each temperature 
were tested via repeated measured two-way ANOVA and Tukey’s post hoc test (i.e for a given 
metric, adult male 35 °C vs. adult female 35°C).   Significance was set at p < 0.05.  Data were 
analyzed using GraphPad Prism version 7.0 (GraphPad Software, La Jolla, CA). 
4.4 Results   
Average body weights increased with age (adult: 21.9 ± 0.6 vs. aged: 32.4 ± 0.9 g, p < 
0.0001) and were greater in males compared to females (male: 29.8 ± 1.4 vs. female: 24.5 ± 1.1 
g, p < 0.001).  
Heart rate linearly increased with temperature for adult males: 19.2 ± 2.4 bpm/°C, adult 
females: 26.9 ± 5.0 bpm/°C, aged males: 10.4 ± 0.6 bpm/°C, and aged females: 26.2 ± 2.0 
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bpm/°C (R2: 0.93-0.99, p: 0.003-0.02). Two hours of isoflurane exposure at normothermic 
conditions (37 °C) resulted in minimal changes in heart rate and vessel area [26] and volumetric 
flow in the infrarenal IVC, femoral artery and vein: 6.9, 7.0, and 0.9 %/30 min, respectively. 
For the carotid artery, the left and right carotid artery were compared for n=15 animals, 
and there was no statistical difference between the left and right for area, velocity, or volumetric 
flow (p > 0.05). However, for this study, the right carotid was used for temperature testing. 
Mean velocity across the lumen increased with temperature in the femoral artery and effect of 
temperature was dependent on location, sex, and age.  
Figure 4.2 shows the mean velocity averaged across the cardiac cycle (average velocity) 
at four arterial locations for the four groups studied here. Temperature had an influence on the 
average velocity in the femoral artery for the adult animals and aged males (Figure 4.2, p < 0.03) 
with statistically significant differences between means for: adult females, 35/37 °C (p = 0.03), 
35/38 °C (p = 0.01) 36/38 °C (p = 0.02) and 37/38 °C (p = 0.01), aged males, 35/37 °C (p = 
0.04), 35/38 °C (p = 0.02), and 36/37 °C (p = 0.01). In the femoral artery, average velocity 
linearly increased with temperature for adult animals and aged males (slopes > 0, p = 0.01-0.03, 
R2 = 0.92-0.97); however the slopes were not different between group (p > 0.05; adjusted slope 
1.2 cm/(s • °C)).  
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Figure 4.2 Mean velocity averaged across the cardiac cycle (mean ± SEM) in the arteries for male and female, adult and aged 
mice (n=5 each) at core temperatures of 35, 36, 37, 38 °C.   
Response varied by location and across sex and age. Significance set at p < 0.05: for temperature effect overall (†), pairwise 
comparisons between temperatures within a group(#), relative changes to same age group but opposite sex ( $), relative changes 
to same sex but  different age group (@), non-zero slope (*). 
 
Figure 4.3 shows the mean velocity averaged across the cardiac cycle at four venous 
locations for each group. Temperature had an influence on the average velocity for the infrarenal 
IVC for aged males (p = 0.03) and for the femoral vein for aged females (p = 0.04). In the 
jugular and infrarenal IVC, average velocity linearly increased with temperature for the aged 
males (slope > 0, p < 0.04, R2 = 0.92-0.99). 
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Figure 4.3 Mean velocity averaged across the cardiac cycle (mean ± SEM) in the veins for male and female, adult and aged mice 
(n=5 each) at core temperatures of 35, 36, 37, 38 °C.  
Response varied by location and across sex and age. Significance set at p < 0.05: for temperature effect overall (†), pairwise 
comparisons between temperatures within a group(#), relative changes to same age group but opposite sex ( $), relative changes 
to same sex but  different age group (@), non-zero slope (*).  
The mean velocity across the lumen at systole and diastole are referred to here as mean 
systolic and mean diastolic velocities, and the maximum velocity across the lumen during peak-
systole is referred to as or peak velocity. A summary of the mean systolic and diastolic velocities 
and peak velocity for all animal groups at every location is presented in Table 4.1. If there were 
no statistical difference between temperatures, the values are averaged across the four 
temperatures.  
For mean systolic velocities, temperature had an influence at the carotid, suprarenal and 
infrarenal aorta for aged females (Table 4.1, p < 0.05) with statistically significant differences 
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between means for: suprarenal aorta, 35/36 °C (p = 0.04) and 35/38 °C (p = 0.03); infrarenal 
aorta, 35/38 °C (p = 0.03). Temperature had an influence at the infrarenal IVC for aged males 
(Table 4.1, p = 0.04) with statistically significant differences between means for 35/38 °C (p = 
0.03). Figure 4.4 shows the mean velocity across the lumen plotted across the cardiac cycle for 
the femoral artery for the four groups. Temperature had an influence on femoral artery mean 
systolic velocity for all groups (Table 4.1 Figure 4.4, p < 0.01) with statistically significant 
differences between means within a group for: adult male, 35/36 °C (p=0.046), 35/38 °C 
(p=0.04), and 37/38 °C (p=0.02); adult female, 35/36 °C (p = 0.006), 35/37 °C (p = 0.001), 35/38 
°C (p = 0.007), 36/38 °C (p = 0.03), and 37/38 °C (p < 0.05); aged males, 35/37 °C (p < 0.05) 
and 35/38 °C (p = 0.02); and aged females, 36/37 °C (p=0.02) and 36/38 °C (p = 0.03). When 
comparing relative response for mean systolic velocity, sex and age had an influence on response 
at the suprarenal aorta (p = 0.03).  
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Figure 4.4 Mean velocity of femoral artery across the cardiac cycle for male and female, adult and aged mice (n=5 each) at core 
temperatures of 35, 36, 37, 38 °C.  
Error bars shown only for 38C and 35C for clarity, and plotted on different y-scales to better highlight temperature effect. 
Significance set at p < 0.05: for temperature effect overall at mean systole (s†) and mean diastole (d†).  
For mean diastolic velocities, temperature had an influence at suprarenal aorta and 
femoral vein for aged females (Table 4.1, p < 0.03) with statistically significant differences 
between means for the suprarenal aorta, 35/37 °C (p = 0.04). Temperature had an influence on 
femoral artery mean diastolic velocity for all groups except aged females (p < 0.02) with 
statistically significant differences between means within a group for adult females, 35/38 °C (p 
= 0.04) and 36/38 °C (p = 0.004), and aged males, 36/37 °C (p =0.03) and 36/38 °C (p < 0.05).
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Table 4.1 Summary table of mean systolic, mean diastolic, and peak velocity. 
 
Location Group (n=5 each) Mean systolic Mean diastolic Peak
Adult Male 27.7 ± 3.4 6.3 ± 1.1 53.8 ± 5.9
Adult Female 40.8 ± 4.3 3.2 ± 1.9 81.1 ± 6.7
Aged Male 37.0 ± 3.9 4.6 ± 2.5 83.5 ± 9.0
Aged Female 37.7 ± 2.5, 36.7 ± 1.9, 43.1 ± 2.8, 45.4 ± 3.4 3.0 ± 2.1 88.1 ± 4.9
Adult Male 1.7 ± 0.6 0.7 ± 0.4 6.7 ± 0.7
Adult Female 2.1 ± 0.8 0.8 ± 0.8 8.1 ± 1.4
Aged Male 5.4 ± 0.6 2.2 ± 0.4 9.6 ± 0.7
Aged Female 1.7 ± 0.4 1.1 ± 0.3 6.6 ± 0.7
Adult Male 25.4 ± 8.0 1.4 ± 1.7 89.7 ± 12.9
Adult Female 27.0 ± 2.0 1.0 ± 2.2 100.3 ± 4.4
Aged Male 24.9 ± 3.0 1.7 ± 1.4 102.5 ± 6.5
Aged Female 40.4 ± 3.1, 46.6 ± 3.0, 43.7 ± 4.0, 49.9 ± 3.0 2.2 ± 1.5, 6.8 ± 0.7, 4.9 ± 1.0, 5.8 ± 0.5 91.7 ± 8.2
Adult Male 7.6 ± 0.8 2.8 ± 1.0 13.3 ± 1.4
Adult Female 6.7 ± 0.8 2.0 ± 0.6 11.8 ± 1.6
Aged Male 7.7 ± 0.7 2.8 ± 0.7 14.3 ± 1.4
Aged Female 5.1 ± 0.7 1.1 ± 0.3 10.7 ± 1.5
Adult Male 18.8 ± 5.3 1.9 ± 1.3 60.8 ± 9.7
Adult Female 16.8 ± 2.4 2.1 ± 0.6 58.3 ± 6.2, 64.6 ± 4.7, 71.1 ± 0.7, 73.6 ± 3.9
Aged Male 17.0 ± 2.9 1.1 ± 1.1 63.2 ± 6.0, 73.4 ± 4.6, 75.8 ± 3.8, 79.3 ± 0.6
Aged Female 29.3 ± 2.3, 33.4 ± 3.6, 36.0 ± 2.3, 37.5 ± 1.4 1.7 ± 1.1 60.0 ± 3.8, 66.1 ± 3.2, 71.3 ± 3.3, 72.5 ± 3.3
Adult Male 6.2 ± 1.0 4.5 ± 0.9 10.7 ± 1.6
Adult Female 4.9 ± 0.8 2.9 ± 0.9 8.8 ± 1.0
Aged Male 4.5 ± 0.5, 5.0 ± 0.6, 5.6 ± 0.8, 5.9 ± 0.7 3.1 ± 0.5 7.9 ± 0.7, 9.0 ± 1.1, 9.8 ± 1.4, 10.5 ± 1.1
Aged Female 4.5 ± 0.7 2.8 ± 0.7 8.2 ± 1.1
Adult Male 9.1 ± 1.0, 11.4 ± 1.5, 11.5 ± 1.5, 14.0 ± 1.9 3.0 ± 0.3, 4.1 ± 0.6, 4.8 ± 0.7, 5.6 ± 0.8 10.8 ± 1.1, 13.8 ± 1.7, 14.1 ± 1.6, 17.6 ± 2.3
Adult Female 11.1  ± 0.7, 15.7 ± 1.1, 17.1 ± 0.8, 23.1 ± 2.2 2.7 ± 0.6, 4.3 ± 0.5, 4.5 ± 0.6, 5.9 ± 0.5 14.2 ± 1.3, 19.5 ± 1.5, 20.4 ± 0.8, 28.0 ± 0.5
Aged Male 9.9 ± 0.4, 11.5 ± 0.9, 15.2 ± 1.0, 19.6 ± 1.9 1.1 ± 0.4, 0.9 ± 0.3, 1.9 ± 0.4, 2.9 ± 0.6 12.6 ± 0.4, 15.4 ± 0.5, 23.2 ± 2.3, 33.3 ± 2.9
Aged Female 11.0 ± 1.9, 14.5 ± 3.0, 18.7 ± 3.3, 20.6 ± 3.7 0.8 ± 0.9 13.5 ± 2.4, 18.4 ± 3.4, 25.0 ± 2.9, 27.2 ± 3.7
Adult Male 2.2 ± 0.2 1.2 ± 0.2 4.1 ± 0.3, 4.3 ± 0.3, 3.7 ± 0.3, 3.5 ± 0.3
Adult Female 2.1 ± 0.2 1.3 ± 0.2 4.2 ± 0.2
Aged Male 2.3 ± 0.2 1.4 ± 0.2 5.1 ± 0.3
Aged Female 2.4 ± 0.2 0.8 ± 0.1, 1.1 ± 0.2, 1.7 ± 0.2, 1.6 ± 0.2 5.1 ± 0.4
Femoral 
Vein 
Carotid
Jugular
Velocity (cm/s)
Suprarenal 
Aorta
Suprarenal 
IVC
Infrarenal 
Aorta
Infrarenal 
IVC
Femoral 
Artery
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Peak velocity increased with temperature in the femoral artery with varied relative response 
between groups in the suprarenal aorta and femoral artery 
Temperature had an influence on peak velocity at the infrarenal aorta for adult females 
and aged animals (Table 4.1, p < 0.03) with statistically significant differences between means 
for aged females for 36/37 °C (p = 0.04). Temperature had an influence on peak velocity at the 
infrarenal IVC for aged males (Table 4.1, p = 0.02) with statistically significant differences for 
35/38 °C (p = 0.03). For the femoral artery, temperature had an influence on peak velocity for all 
groups (p < 0.008) with statistically significant differences between means within a group for: 
adult male, 35/36 °C (p = 0.02), 35/37 °C (p= 0.007), and 35/38 °C (p = 0.03); adult females, 
35/36 °C (p = 0.045), 35/37 °C (p = 0.006), 35/38 °C (p = 0.004), and 36/38 °C (p = 0.047); aged 
males, 35/37 °C (p = 0.045), 35/38 °C (p = 0.006), and 36/38 °C (p = 0.01); and aged females, 
35/37 °C (p = 0.007), 35/38 °C (p = 0.01), 36/37 °C (p = 0.02), and 36/38 °C (p = 0.004). For the 
femoral vein, temperature had an influence on peak velocity for adult males (p = 0.03) with 
statistically significant differences for 36/38 °C (p = 0.0006). When comparing relative response 
for peak velocity, sex and age had an influence on response at the suprarenal aorta (p = 0.03) and 
the femoral artery (p = 0.004), and aged males had a larger response in the femoral artery for the 
36-37 °C interval than adult males by nearly 20-fold (52.2 vs. 2.7 %/°C, p = 0.02). 
Volumetric flow response to temperature was larger in aged animals  
Figure 4.5 shows the volumetric flow averaged across the cardiac cycle in the neck and 
torso vessels for male and female, adult and aged mice. Temperature had an influence on average 
volumetric flow for the infrarenal aorta (aged males, p = 0.03) and for the infrarenal IVC (aged 
males, p = 0007; aged females, p = 0.02) with statistically significant differences between means 
for the infrarenal IVC: aged males, 35/38 °C (p = 0.006) and 36/38 °C (p = 0.01); aged females, 
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35/38 (p = 0.04). For aged males, flow in the suprarenal IVC and infrarenal aorta (slopes > 0, p < 
0.007, R2 = 0.98-0.99) linearly increase with temperature. Flow in the infrarenal IVC linearly 
increased with temperature for all groups (slopes > 0, p < 0.02, R2 = 0.94-0.98) with slopes 
differing between groups (p = 0.002; adjusted means: male vs. female, 0.37 and 0.28 cm/(s • °C); 
adult vs. aged, 0.22 and 0.43 cm/(s • °C)). When comparing relative response for volumetric 
flow, sex and age had an influence on response at the suprarenal aorta (p = 0.005) with 
statistically significant differences between adult and aged animals at 35-36 °C interval (adult 
male: -1.2 %/°C vs aged male: 20.5 %/°C, p = 0.04; adult female: -7.5 %/°C vs. aged female: 
15.1 %/°C, p = 0.02).  
Figure 4.5 Volumetric flow averaged across the cardiac cycle (mean ± SEM) in the neck and torso vessels for male and female, 
adult and aged mice (n=5 each) at core temperatures of 35, 36, 37, 38 °C.  
Response varied by location and across sex and age. Significance set at p < 0.05: for temperature effect overall (†), pairwise 
comparisons between temperatures within a group(#), relative changes to same age group but opposite sex ( $), relative changes 
to same sex but  different age group (@), non-zero slope (*). 
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Figure 4.6 shows the volumetric flow averaged across the cardiac cycle in the peripheral 
vessels for male and female, adult and aged mice. Temperature had an influence on average 
volumetric flow for the femoral artery for all groups (p < 0.04). There were statistically 
significant differences between means within a group for: adult females, 35/36 °C (p = 0.03), 
35/37 °C (p = 0.0006), 35/38 °C (p =0.02), and 36/38 °C (p = 0.046); aged males, 35/36 °C (p = 
0.01), 35/37 °C (p = 0.01), 35/38 °C (p = 0.005), 36/37 °C (p = 0.03), and 36/38 °C (p = 0.008); 
and aged females, 35/37 °C (p = 0.01), 35/38 °C (p = 0.03), and 36/37 °C (p =0.03).   
Temperature had an influence on average volumetric flow for the femoral vein only for 
aged animals p < 0.001 with statistically significant difference between means within a group 
for: aged males, 35/38 °C (p = 0.003), 36/38 °C (p = 0.02), and 37/38 °C (p = 0.047); and aged 
females, 35/37 °C (p = 0.005) and 35/38 °C (p = 0.008). Flow in the femoral artery linearly 
increased with temperature for adult females and aged males (slopes > 0, p < 0.05, R2 = 0.90-
0.95). Flow in the femoral vein linearly increased with temperature for aged females (slope > 0, 
p = 0.01, R2 = 0.98). Comparing volumetric flow response to temperature, sex and age had an 
influence on relative response at the femoral artery (p = 0.001) and femoral vein (p = 0.048) with 
statistically significant differences between adult and aged animals at 36-37 °C interval for the 
femoral artery (adult male: 5.7 %/°C vs aged male: 92 %/°C, p = 0.01; adult female: 6.6 %/°C 
vs. aged female: 106 %/°C, p = 0.002).  
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Figure 4.6 Volumetric flow averaged across the cardiac cycle (mean ± SEM) in the peripheral vessels for male and female, adult 
and aged mice (n=5 each) at core temperatures of 35, 36, 37, 38 °C.   
Response varied by location and across sex and age. Significance set at p < 0.05: for temperature effect overall (†), pairwise 
comparisons between temperatures within a group(#), relative changes to same age group but opposite sex ( $), relative changes 
to same sex but  different age group (@), non-zero slope (*). 
Velocity and volumetric flow differed between groups at each core body temperature  
Comparison of normothermic metrics between groups is reported in Crouch 
2019_pending. Comparing velocity average across the lumen (average across cardiac cycle, 
mean systolic, and mean diastolic) between groups at each temperature, 5 instances of 
differences between ages (male: 4, female: 1) and 10 instances of differences between sexes 
(adult: 3, aged: 7) were found. Comparing volumetric flow (average across cardiac cycle, mean 
systolic, and mean diastolic) between groups at each temperature, 28 instances of differences 
between ages (males only) and 9 instances of differences between sexes (adult: 2, aged: 7) were 
found.  
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4.5 Discussion 
In agreement with previous studies, adult males [26], adult females and aged animals [25] 
showed a linear increase in heart rate with increasing temperature. Also from our previous study, 
although not statistically significant, there was a trend of increased stroke volume with 
increasing temperature 36.1 vs. 37.1 µL/beat, p = 0.5 [25]. With an increase in heart rate and 
either no change or an increase in stroke volume, cardiac output increases. Temperature-induced 
increases in cardiac output causes an increase in volumetric flow rate in the body, and may also 
be necessary to maintain blood pressure subsequent to large reductions in total vascular 
resistance resulting from cutaneous vasodilation [17].  
Volumetric flow tended to increase in the torso and periphery with increased core body 
temperature 
For nearly all vessels and aged groups (excluding carotid, suprarenal aorta and IVC in 
adult males), there was a trend of increased velocity and increased volumetric flow from 35 °C to 
38 °C suggesting that increases in cardiac output, and thus increases in volumetric flow (Q), are 
mediated through both area changes [26] and velocity changes (Volumetric Flow=Area • 
Velocity). The increases in peripheral blood flow with temperature is consistent with the 
periphery and more superficial vessels being a site for heat exchange with the environment 
[17,19]. As discussed in Crouch et al., previous researchers suggested that with a decrease in 
core body temperature, core veins, such as the infrarenal IVC, vasodilate to keep blood centrally 
and away from the skin and periphery where it might lose heat to the environment [22,23,32]. In 
the infrarenal IVC our results illustrate the opposite [26] for all animal groups. This could result 
from reduced cardiac output  [25]  and aortic flow at lower temperatures. Our work further 
supports the theory that the enteric nervous system, coined the “second brain”, controls more 
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than just digestion and has large blood flow demands [33,34]. The gut’s venous return occurs at a 
location superior to the infrarenal IVC, and for adult males, we see a slight increase in venous 
return flow in the suprarenal IVC with decreases in core temperature.  
An increase in volumetric flow in this many locations without a subsequent decrease in 
flow in other large vessels, further suggests that the hemodynamically inactive blood volume 
(60-70% of total blood volume [35]) may decrease with increased core temperature and 
increased cardiac output leading to increases in bulk flow at all depths and, thus, greater heat 
exchange with the environment. The differences in volumetric flow at each location may be due, 
in part, to the ability of individual vessels to sense changes in heat and temperature 
thermosensitivity [11,23,36]. 
Sex and age mediate vascular response to temperature 
Aged males showed the largest response in volumetric flow due to large increases in 
velocity in the infrarenal IVC, femoral artery, and femoral vein in contrast to adult males that 
had larger increases in vessel area that lead to increases in volumetric flow for those locations. 
This contrasts with our theory from Crouch et al. 2018 that predicted aged males had a 
diminished vascular response to temperature in the femoral location [25]. In Crouch et al., the 
resolution was limited in the periphery vessels and with the 3D acquisition were unable to plan 
slices perpendicular to the vessel. In this present study, we were able to plan slices perpendicular 
to the vessel to decrease partial-volume effects and quantify velocity as well as cross-sectional 
area. It appears, from this study, that aged animals are responding more than adult animals. 
However, it remains unclear if this larger response in the cardiovascular system contributes to 
the aged animals diminished thermoregulatory ability  [11,37]. We hypothesize that if too much 
blood is shifted to the periphery, and thus superficial vessels, and the animals have a diminished 
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ability to remove that heat (in aged mice, too much fat [28] that is not as thermally conductive 
[38]), then this could lead to diminished heat removal. An increase in fat content and thermal 
insulation inside the body also lead to a slight increase in imaging time.  
Although not apparent in average velocity or volumetric flow response (Figures 2, 5, and 
6), aged females responded more to temperature than the other groups in the carotid, suprarenal 
aorta, and infrarenal vessels for mean systolic velocity suggesting differences in systolic function 
[39].  In agreement with Crouch et al.,  aged females in the periphery had similar response to 
adult females [25,40]. Differences in sex and age at normothermia are further discussed in 
Crouch_2019_pending. 
Considerations for bioheat modeling 
With changes in volume flow and/or velocity, heat transfer via convection would be 
hypothesized to change. Data presented here can direct where and when temperature-dependent 
changes in hemodynamics need to be considered when coupling CFD and bioheat modeling 
[21,45,46]. For example, the carotid is an anatomical location where you would not need to 
incorporate hemodynamic changes due temperature. By contrast, velocity and volumetric 
changes would be pertinent for the infrarenal and peripheral vessels aorta. Differences in mean 
systolic/diastolic and peak velocity (Table 4.1) are also important considerations, not only for 
heat transfer, but also because of their influence on wall shear stress, a biomarkers for 
cardiovascular health. This work provides further evidence of the effects of sex and age on CV 
responses, and these differences should be incorporated into models. 
Analogy between exercise and temperature 
The healthy mammalian cardiovascular system is sensitive and highly adaptive as evident 
in our study because we are able to quantify not insubstantial cardiovascular changes despite 
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relatively small changes in body temperature. For this study, core body temperature ranged from 
marginally hypothermic (35°C) to marginally hyperthermic (38°C), and yet we see volumetric 
changes of the vasculature of over 30% in core vessels. For further context, we compare our 
results to another common cardiovascular stressor, exercise. The active homeostasis system 
responds differently at rest compared to during a bout of exercise.   In a human study, there was 
a 67% change in volume flow rate in the aorta, and, in comparison, we quantified an increase of 
17% volume flow rate in the infrarenal aorta for adult males from 35 to 38 °C[41]. For the 
peripheral vessels during exercise, there was a 50% increase in area for the anterior tibial artery 
after acute exercise, and we see a 100% increase in volumetric the femoral artery from 35 to 38 
°C [42]. Thermoregulation has a large impact on the cardiovascular system, and we hypothesize 
temperature will compound the stress of exercise due to the temperature gradients addressed in 
this work [2,43,44]. Heat transfer by flowing blood is the most important pathway for heat-
exchange in the body, and this is particularly evident during exercise because of the conflicting 
demand for blood [43].  
Limitations 
As discussed in Crouch_2019_pending, the non-circular geometries and vessel curvature 
in the veins made image planning perpendicular to the vessel more challenging, and complex 
vessel curvature could introduce partial volume effect biases. However, slice planning, optimized 
in previous work with parameters for slower blood flow for anatomical landmarks, provided 
reproducible planning and slices were perpendicular to flow [47]. We also must use anesthetized 
mice for imaging, leading to a slight reduction in cardiac output under anesthesia, but heart rates 
are closer to those recorded in conscious mice using isoflurane [29]. For the isoflurane control in 
adult males, volumetric flow did slightly increase in the infrarenal IVC, femoral artery and vein: 
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6.9, 7.0, and 0.9 %/30 min, respectively.; however, compared to the increase with temperature 
14.9, 35.3, and 7.2 %/°C, the results are minimal and are not statistically significant different 
between 30 minute intervals.  
4.6 Conclusion 
Overall, the results demonstrate that there are differences in velocity and volumetric flow 
response to temperature, and this response varies across sex and age. With this work, we have 
been able to distinguish contributions from changes in area and blood velocity which would be 
important for more accurate bioheat modeling. In aged animals, flow increases were driven 
primarily by velocity changes suggesting a diminished ability for structural changes in area. 
These changes in blood velocity are also likely causing changes in wall shear stress which is an 
important metric in cardiovascular disease progression. 
To our knowledge, this is the first time that the effect of core body temperature on 
velocity and volumetric blood flow of the murine arterial and venous systems has been studied 
non-invasively, at multiple locations across age and sex. Age, in particular, had a significant 
impact on hemodynamic response. Future work incorporating pressure measurements and/or 
computational fluid dynamics (CFD) would be useful for examining stress-strain properties and 
luminal biomechanical forces such as wall shear stress in vivo. Our data can provide 
physiologically-relevant parameters to CFD models and provide baseline data for the healthy 
murine vasculature to use as a benchmark for investigation of a variety of physiological and 
pathophysiological conditions of the cardiovascular system. This chapter concludes our work on 
the effect of temperature on the CV system. In the subsequent chapter, we combine temperature 
and a CV stressor and quantified response.   
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Effect of temperature and adrenergic stress on arterial system 
 
5.1 Abstract 
Purpose: Because of the importance of adrenoreceptors in regulating the cardiovascular 
system and the role of the CV system in thermoregulation, understanding the response to these 
two stressors is of interest. The purpose of this study was to assess changes of arterial geometry 
and function in vivo during thermal and β-adrenergic stress induced in mice and quantified by 
MRI.   
Methods: Male mice were anesthetized and imaged at 7T. Anatomical and functional 
data were acquired from the neck (carotid artery), torso (suprarenal and infrarenal aorta and iliac 
artery), and periphery (femoral artery). Intravenous dobutamine (tail vein catheter, 40 µg/kg/min, 
0.12 mL/hr) was used as β-adrenergic stressor. Baseline and dobutamine data were acquired at 
minimally hypothermic (35°C) and minimally hyperthermic (38°C) core temperatures. Cross-
sectional vessel area and maximum cyclic strain were measured across the cardiac cycle.  
Results: Vascular response varied by location and by core temperature. For minimally 
hypothermic conditions (35°C), average, maximum, and minimum areas decreased with 
dobutamine only at the suprarenal aorta (avg: -17.9%, max: -13.5%, min: -21.4%). For 
minimally hyperthermic conditions (38°C), vessel areas decreased between baseline and 
dobutamine at the carotid (avg: -19.6%, max: -15.5%, min: -19.3%) and suprarenal (avg: -24.2%, 
max: -17.4%, min: -17.3%); whereas, only the minimum vessel area decreased for the iliac (min: 
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-14.4%). Maximum cyclic strain increased between baseline and dobutamine at the iliac artery 
for both conditions and at the suprarenal aorta at hyperthermic conditions.  
Conclusion: At hypothermic conditions the vessel area response to dobutamine is 
diminished compared to hyperthermic conditions where the vessel area response mimics 
normothermic dobutamine conditions. The varied response has implications in critical care 
treatment. 
5.2 Introduction 
Various pathological conditions and treatments, including sepsis [6] and the treatment of 
cardiogenic shock [7], can cause core body temperature to deviate from normothermia. 
Clinically, dobutamine is used in critical care for acute treatment of congestive heart failure, 
cardiogenic and septic shock, and as a pharmacological surrogate to exercise [8–10]. 
Dobutamine’s primary mechanism is direct stimulation of β1-adrenergic receptors thus 
increasing cardiac contractility and output, with more mild β2 stimulation resulting in peripheral 
vasodilation [11].  
To improve parameterization and validation of mathematical and computational models 
[12,13], Chapters 2-4 focused on geometric (cross-sectional area),functional (Green-Lagrange 
circumferential strain), and hemodynamic (velocity and volumetric flow) changes in core arteries 
(Chapter 2) and veins (Chapter 3) due to increases in core temperature [14,15]. Other work in the 
Greve lab quantified changes in arterial and venous mechanics due to the administration of 
dobutamine [16,17]. Combining these two cardiac stressors is of interest because of the 
differential response of core vasculature to changing temperature or administering dobutamine 
alone. Temperature increased area [15], while dobutamine decreased area and increased strain 
[17]. Researchers are also interested in the combined effects of temperature and dobutamine 
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because of the detrimental consequences of decreased peripheral resistance after dobutamine 
administration in hypothermic patients [18,19].  
Preclinical animal models play a vital role in the advancement of therapeutic 
development and optimization of current treatment paradigms. It is important to understand the 
results of cardiac stressors in the healthy murine condition before studying their effects in 
preclinical CV disease models. With magnetic resonance imaging (MRI), core vasculature 
geometry and function can be investigated non-invasively due to high spatial and temporal 
resolution. The purpose of this study was to assess physiological changes of arterial geometry 
and function in vivo during thermal and β-adrenergic stress via dobutamine using murine models 
and MRI. MRI data were acquired under hypothermic (35 °C) and hyperthermic (38 °C) 
conditions at the carotid artery, suprarenal and infrarenal aorta, iliac artery, and femoral artery of 
C57BL/6 male mice, prior to and during dobutamine infusion.  
We hypothesized that: 1) at hypothermic conditions (35 °C), dobutamine would not elicit 
changes in cross-sectional area and strain, due to temperature-induced vasoconstriction; and, 2) 
at hyperthermic conditions (38 °C) cross-sectional area would decrease and strain would 
increase, mirroring dobutamine responses at normothermic conditions (37 °C). To our 
knowledge, these data are the first to empirically quantify the spatially and temporally resolved 
response of core vasculature to dobutamine at hypo- and hyper-thermic conditions in vivo from 
head-to-toe.  
5.3 Methods 
All experiments were carried out with local Institutional Animal Care and Use 
Committee approval. Animals were housed in a room with temperature (22°C ± 2°C) and 
humidity (~27%) control with an alternate 12-hour light/dark cycle. 
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Healthy adult male (13- to 15-weeks-old, ~20 human years [20]) C57BL/6 mice, 
purchased from Charles River Laboratory, were used in this study. Male mice were chosen in 
this initial study combining hypo- and hyper-thermic states with dobutamine stimulation because 
this sex showed the smallest response to increases in core temperature in the aorta in our 
previous work in Chapter 2 (male: 0.019 mm2/°C vs. female: 0.024 mm2/°C, [14]). A 
dobutamine dosage of 40 µg/kg of body weight (Hospira, Inc., Lake Forest, IL) was prescribed at 
an infusion rate of 2 μL/min (Cole Parmer, Vernon Hills, IL) and pre-mixed assuming an average 
murine body weight of 25 g (actual mean and SEM of our animals was 26.4±0.7 g). Prior to 
imaging, a tail vein catheter was placed using a 30-gauge needle, connected to an ~5 cm length 
of PE10 tubing prefilled with saline, followed by the dobutamine solution [17]. Mice were 
anesthetized with 1.25-2% isoflurane in 1 L/min of oxygen [21]. Animals were imaged in the 
supine position at 7T field strength using a Direct Drive console (Agilent Technologies, Santa 
Clara, CA) and a 40 mm inner diameter transmit-receive volume coil (Morris Instruments, 
Ontario, Canada).  
Figure 5.1 illustrates the locations investigated in this study. CINE data were acquired in 
the neck (carotid artery), torso (suprarenal and infrarenal aorta, iliac artery), and periphery 
(femoral artery). The two target core temperatures were minimally hypothermic (35 °C) and 
minimally hyperthermic (38 °C), controlled within ± 0.2 °C using forced convection [14]. These 
temperatures were selected to avoid pathological changes [22,23]. Baseline and dobutamine data 
were acquired at all five locations for a given animal in two separate imaging sessions, 
corresponding to the two target core temperatures. Heart rate (HR) and respiration were 
monitored (SA Instruments, Stony Brook, NY). After acquiring baseline data at all five locations 
for the given target core temperature, dobutamine infusion was initiated. After a plateau in 
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increased HR was achieved, slices planned at each of the five locations were acquired a second 
time during the infusion of dobutamine (referred to as ‘dobutamine’ in this paper). The total 
imaging time for each animal was approximately 90 minutes with approximately 60 minutes of 
dobutamine infusion (~120 µL infused). Time to reach maximum heart rate plateau was 12 min 
of dobutamine infusion for hypothermic state compared to 19 minutes for hyperthermic state. In 
a previous study at normothermic conditions, approximately the same volume of saline was 
infused as a control and demonstrated minimal changes to arterial area or strain due to these 
small increases in blood volume [17].   
Sagittal 2D and axial 3D acquisitions were used to plan slices perpendicular to the carotid 
artery. Coronal 2D and sagittal 3D acquisitions were used to plan slices perpendicular to the 
aorta, iliac and femoral arteries. A cardiac-gated and velocity compensated 2D CINE sequence 
with 16 frames was used to acquire data at each location. Parameters were: TR/TE ~120/4 ms 
depending on HR, flip angle (α) 60o, FOV (20 mm)2, matrix 2562 zero-filled to 5122, zero-filled 
in-plane resolution (39 µm)2, slice thickness 1 mm, NEX 6. The CINE images were analyzed for 
vessel cross-sectional area and circumferential cyclic strain (Equation 6) using an in-house semi-
automated process previously described on page 22. 
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Figure 5.1 Coronal MIP  and cross-sectional view of the arteries illustrating arterial locations where imaging data were acquired 
and quantified. 
Statistical Analysis 
Data are reported and plotted as mean ± standard error (SEM). To test if areas (average, 
maximum, minimum) and maximum cyclic strain differed significantly between baseline and 
dobutamine at a given target core temperature and location, a two-tailed paired t-test was used. 
To test if the response to dobutamine (average_areadobutamine – average_areabaseline) differed 
between the two temperatures for a given location, a two-tailed paired t-test was used. Two 
methods were used to compare the response at different locations. The response at different 
locations was compared using two-way ANOVA with Tukey’s post hoc test. The relative 
 98 
response ((average_areadobutamine – average_areabaseline) /average_areabaseline) was 
calculated to account for size-differences between vessels and was compared between locations 
using two-way ANOVA with Tukey’s post hoc test. Significance was set at p < 0.05.   
5.4 Results 
Heart rate (HR) 
Dobutamine resulted in an elevated HR in all mice at 35 °C (baseline: 419 ± 6 to 
dobutamine: 541 ± 5 beats per minute, p < 0.0001) and at 38 °C (baseline: 482 ± 20 to 
dobutamine: 594 ± 9 beats per minute, p = 0.0003). HR was higher at 38 °C compared to 35 °C 
for both baseline (p = 0.002) and dobutamine (p = 0.007). 
Effect of dobutamine at different core temperatures, within a location 
Baseline vs. Dobutamine during hypothermic or hyperthermic conditions 
The first comparison was baseline versus dobutamine for vessel area (average, maximum, 
minimum) and maximum cyclic strain. Statistically significant results for cross-sectional area 
across the cardiac cycle at baseline and during dobutamine for 35 and 38 °C are shown in Figure 
5.2. For the hypothermic condition (35 °C), dobutamine resulted in a decrease in vessel area in 
the suprarenal aorta by 17.9 ± 1.8% (p < 0.0001), 13.5 ± 3.3% (p = 0.005), and 21.4 ± 5.2% (p = 
0.006) for average, maximum, and minimum areas, respectively. For the hyperthermic condition 
(38 °C), dobutamine resulted in a decrease in vessel area in the carotid by 19.4 ± 5.7% (p = 
0.006), 15.5 ± 6.7% (p = 0.04), and 19.6 ± 4.2% (p = 0.01) for average, maximum, and minimum 
areas, respectively. In the suprarenal aorta, the vessel area decreased by 24.2 ± 2.8% (p = 
0.0002), 17.4 ± 4.4% (p = 0.005), and 33.6 ± 2.2% (p < 0.0001) for average, maximum and 
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minimum areas, respectively. In the iliac artery, the vessel area decreased by 14.4 ± 5.2% (p = 
0.03) for the minimum area.  
Figure 5.2 Cross-sectional area across the cardiac cycle for the (A) carotid artery, (B) suprarenal aorta, and (C) iliac artery at 35 
and 38 °C (left and right) for baseline and dobutamine. 
Statistically significant results for maximum cyclic strain at baseline and during 
dobutamine for 35 and 38 °C are shown in Figure 5.3. For the hypothermic condition (35 °C), 
maximum cyclic strain increased with dobutamine in the iliac artery 20.3 ± 4.5% (p = 0.003). For 
the hyperthermic condition (38 °C), maximum cyclic strain increased with dobutamine in the 
suprarenal artery by 21.0 ± 3.6% (p = 0.0006) and in the iliac artery by 17.3 ± 5.5% (p = 0.02). 
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Figure 5.3 Maximum cyclic strain across the cardiac cycle for suprarenal aorta (left) and iliac artery (right) at baseline and 
dobutamine for two core body temperatures 35 and 38 °C. 
Comparison of the response during hypothermic vs. hyperthermic conditions 
The response (dobutamine-baseline) at 35 °C was compared to the response at 38 °C for 
vessel areas and strain. The change in areas for all locations at 35 and 38 °C is shown from head-
to-toe in Figure 5.4. The response to dobutamine as measured by area varied between the 
temperatures. Statistically significant differences were seen at the carotid artery and suprarenal 
aorta. The change in carotid average area at 35 °C was an increase of 0.01± 0.01 mm2 compared 
to a decrease of -0.04 ± 0.01 mm2 (p = 0.005) at 38 °C.  The change in carotid maximum area at 
35 °C was an increase of 0.02± 0.01 mm2 compared to a decrease of -0.04 ± 0.01 mm2 (p = 
0.004) at 38 °C.  The change in suprarenal aorta minimum area at 35 °C was a decrease of -0.16 
± 0.04 mm2 compared to a decrease of -0.25 ± 0.03 mm2 (p = 0.03) at 38 °C.  
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 The maximum cyclic strain response for all locations at 35 and 38 °C is shown in Figure 
5.5. Maximum cyclic strain tended to increase with dobutamine at all locations and for both 
temperatures. However, there were no statistically significant differences when comparing the 
response at 35 to that at 38 °C.  
Figure 5.4 The response to dobutamine (dobutamine – baseline) for average, minimum, and maximum areas at 35 °C (left) and 
38 °C (right). 
Effect of dobutamine at different core temperatures and across locations 
To determine the effect of location on overall response, two comparisons were made: 
absolute response and relative response. For the absolute difference in response (Figure 5.4), 
changes in area were dependent on location for average (p = 0.0001/0.005; location/temp), 
maximum (p = 0.0001/N.S.), and minimum (p = 0.0001/0.007) areas. For the hypothermic 
condition (35 °C), pairwise comparisons were significantly different (p < 0.0001, all) between 
the suprarenal aorta (avg: -0.17 ± 0.02, max: -0.15 ± 0.04, min: -0.16 ± 0.04 mm2) and the 
carotid (0.01 ± 0.01, 0.02 ± 0.01, -0.001 ± 0.01 mm2), infrarenal aorta (-0.005 ± 0.02, 0.005 ± 
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0.03, -0.02 ± 0.02 mm2), iliac artery (0.006 ± 0.01, 0.03 ± 0.01, -0.01 ± 0.01 mm2), and femoral 
artery (0.006 ± 0.004, 0.007 ± 0.005, -0.002 ± 0.003 mm2). For the hyperthermic condition (38 
°C), pairwise comparisons were also significantly different (p < 0.001, all) between the 
suprarenal aorta (avg: -0.23 ± 0.03, max: -0.19 ± 0.04, min: -0.25 ± 0.02 mm2) and the carotid (-
0.04 ± 0.01, -0.04 ± 0.01, -0.03 ± 0.01 mm2), infrarenal aorta (-0.023 ± 0.01, -0.02 ± 0.01, -0.02 
± 0.01 mm2), iliac artery (-0.008 ± 0.006,0.01 ± 0.01, -0.02 ± 0.006 mm2), and femoral artery (-
0.005 ± 0.009, -0.002 ± 0.01,-0.006 ± 0.008 mm2).  
Strain responses were not dependent on location (Figure 5.5). However, the vessels 
varied in the magnitude of the change between 35 and 38 °C. For example, the carotid, 
suprarenal aorta, and femoral artery had a larger increase during hyperthermic conditions, while 
the infrarenal aorta and iliac artery had a smaller increase.   
 
Figure 5.5 The response to dobutamine (dobutamine – baseline) for maximum cyclic strain at 35 and 38 °C. 
Size-differences between the vessels were accounted for by calculating the relative 
response. The relative changes for average, maximum, and minimum areas for all locations at 35 
and 38 °C are shown in Figure 5.6. All relative changes in area were dependent on location and 
temperature for average (p = 0.004/0.003; location/temp), maximum (p = 0.02/0.009), and 
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minimum (p = 0.004/0.01) areas. For average area, pairwise comparisons were significantly 
different at 35 °C between the suprarenal aorta and iliac artery (-0.18 vs. 0.07, p = 0.03) and the 
suprarenal aorta and femoral artery (-0.18 vs. -0.09, p = 0.003). For minimum area, significant 
differences occurred at 35 °C between the suprarenal aorta and femoral artery (-0.21 vs. 0.14, p = 
0.02). For maximum area, significant differences occurred at 35 °C between the suprarenal aorta 
and iliac artery (-0.14 vs. 0.17, p = 0.03).  
 
Figure 5.6 The relative response to dobutamine for average, minimum, and maximum areas at 35 °C (left) and 38 °C (right). 
5.5 Discussion 
Two cardiovascular stressors, deviations from normothermia and dobutamine 
administration, have been combined in this study. Because of the importance of adrenoreceptors 
in regulating the cardiovascular system and the role of the CV system in thermoregulation, 
understanding the response to these two stressors is of interest. To our knowledge, these data are 
the first to empirically quantify the spatially and temporally resolved response of arterial 
vasculature to a pharmacological stressor at different core body temperatures. 
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Previous work by Crouch et al. showed that under hypothermic conditions (35 °C) the 
average area was significantly smaller in the infrarenal aorta and femoral artery by -12% and -
72%, respectively, and larger for hyperthermic conditions (38 °C) by 1.3 and 6.0%, respectively, 
compared to normothermic conditions (37 °C) [15]. While cross-sectional area tended to increase 
with temperature, with larger changes occurring inferiorly, previous work by Castle et al. showed 
that cross-sectional area at normothermic conditions decreased with dobutamine for the carotid, 
suprarenal and infrarenal aorta, and iliac artery by -19%, -16%, -14%, and -12%, respectively, 
with larger changes occurring superiorly in the body [17]. For either increases in core 
temperature or dobutamine administration, the end-diastolic/minimum areas experienced larger 
changes than the peak-systolic/maximum areas, resulting in changes in maximum cyclic strain. 
Temperature’s effect on strain varied by location with a general overall decrease in strain from 
35 to 38 °C [14,15], whereas dobutamine caused an increase in maximum cyclic strain for all 
vessels [17]. 
In this study, the two cardiac stressors, core temperature variations and dobutamine 
administration, were combined. For both temperature conditions, dobutamine resulted in 
elevated HR consistent with previous findings [24,25]. The hypothermic condition resulted in a 
slightly larger increase in HR of 29% compared to an increase of 23% in the hyperthermic 
condition, likely due to an increase in baseline heart rate at 38 °C [14,26]. Although not 
statistically significant for all vessels, dobutamine-induced decreases in area were more 
consistent across location during hyperthermic conditions. The suprarenal aorta exhibited distinct 
and greater decreases during both hypothermic and hyperthermic states.  The unique response of 
the suprarenal aorta may be due to its position as the most superior vessel located below the 
heart. Another factor that may be influencing results at the suprarenal aorta is the influence of the 
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gut. Interest in the brain-gut connection has grown after research has revealed that the enteric 
nervous system, coined the “second brain”, controls more than just digestion [27,28]. Due to the 
large nervous network, this location may be more susceptible to dobutamine. Further studies in 
the connection of the enteric nervous system and thermoregulation and dobutamine could 
provide interesting results. 
Data presented here show that the vessel area response to dobutamine during minimally 
hyperthermic conditions mimics previously published data acquired during normothermic 
conditions. For the carotid artery, the relative area response was nearly identical (-20% at 38 °C 
vs. -19% at 37 °C, respectively). At the suprarenal location, the relative area response was larger 
during hyperthermic conditions (-24% vs. -16%, at 38 and 37 °C, respectively). For the 
infrarenal and iliac locations, the relative area response was smaller (infrarenal: -7% at 38 °C vs. 
-14% at 37 °C; iliac: -6% at 38 °C vs. -12% at 37 °C). Dobutamine-induced decreases in average 
cross-sectional area of the core arteries during normothermic conditions are consistent with 
redistribution of blood to the skin/periphery due to dobutamine’s vasodilatory effects [17,18]. 
Conversely, cross-sectional area of the core arteries increases with increasing temperature, 
paralleling hyperthermia-induced vasodilation known to occur in the skin/periphery [14,15]. 
Comparing these recently published results with data presented here, one can begin to estimate 
the seemingly opposing factors of changes in core temperature and dobutamine administration on 
core arteries. For example, Crouch et al. quantified an ~4%, 1%, and 6% increase in area for the 
carotid artery, infrarenal aorta, and femoral artery, respectively, when core temperature is 
increased from 37 to 38 °C [15]. Here, we show a ~20%, 7%, and 5% decrease in area for the 
same vessels, respectively, when dobutamine is applied at 38 °C. This implies that the 
vasodilatory effects of dobutamine on downstream vasculature outweigh the local effects of 
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temperature. This balance becomes less evident in the more superficial vessels (i.e. the femoral 
artery), which could be related to fewer vessels downstream to be dilated by dobutamine and/or 
the fact that these vessels, themselves, play a larger role in heat exchange with the environment.  
Dobutamine administration during hypothermia resulted in smaller or no decreases in 
area for the carotid, suprarenal, and infrarenal aorta compared to hyperthermic conditions. 
Crouch et al. also demonstrated that the cross-sectional area of some core arteries decreases due 
to decreases in temperature, paralleling hypothermia-induced vasoconstriction known to occur in 
the skin/periphery [15]. For example, while there was a 7% increase for the carotid artery at 35 
°C compared to 37 °C, conversely, the areas of the infrarenal aorta and femoral artery decreased 
by 11% and 72%, respectively. Here, we show a 5% increase in area at the carotid, no change at 
the infrarenal aorta, and a 13% increase in the femoral artery when dobutamine is applied at 35 
°C. This suggests that reductions in area of the core arteries due to hypothermia are mitigated by 
the application of dobutamine. Similarly, Oung et al. showed an increase in vasodilation from 
dobutamine during hypothermic conditions compared to normothermic conditions [19]. Focusing 
on the femoral artery, the difference between a large reduction in area due to hypothermia, to 
minimize heat loss to the environment [14,29,30],and an enlargement when dobutamine [18] is 
applied during hypothermia would be hypothesized to cause further decreases in core 
temperature due to increased heat exchange with the environment. However, these structural 
changes are not necessarily indicative of blood flow changes. In addition to blood pressure 
measurements, laser Doppler imaging and phase contrast MRI could be used to determine 
whether changes in subcutaneous perfusion and blood flow velocity and volume, respectively, 
are accompanying geometric alterations.  
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Circumferential cyclic strain is a calculation of vessel deformation across the cardiac 
cycle [31]. The magnitude of strain in the healthy, adult, infrarenal aorta at rest has been shown 
to be invariant across species [32] and reductions in strain can accompany the onset of pathology 
[33–35]. Consistent with previous work [15], baseline strain was qualitatively larger during 
hypothermic conditions compared to hyperthermic conditions. Like normothermia, maximum 
cyclic strain increased with dobutamine during both hypothermic and hyperthermic conditions, 
reaching significance for some core arteries. Notably, the elastic arteries (carotid artery, aorta, 
and iliac artery), which act to dampen the pulsatility of flow from the heart through expansion 
and elastic recoil [36–38], had qualitatively greater increases in maximum cyclic strain (1.5-6 
fold larger) compared to the only muscular artery studied in this work (femoral artery).  
Dobutamine is a pharmacological agent frequently included in the multi-therapeutic 
treatment for cardiogenic and septic shock. The primary mechanism of a racemic mixture of 
dobutamine is direct stimulation of β1-adrenergic receptors in the heart to increase cardiac 
contractility and output. However, one enantiomer is a β2-agonist and α1-antagonist while the 
other is an α1-agonist, which often leads to vasodilation [11]. Conversely, temperature elicits a 
full body autonomic response to maintain core body temperature. With increasing core 
temperature, regional changes in cerebral blood flow [39–41], increased cardiac output [29,42], 
and decreased total peripheral resistance due to vasodilation [29,30] have been observed. The 
adenosine A1 receptors which are involved in regulation of body temperature, heart rate and 
locomotion activity [43] are likely interacting with the adrenergic receptors [44] causing a varied 
vascular response during the hypo- and hyper- thermic conditions as well as differences across 
locations. Previous in vitro studies using isoproterenol, a β-adrenoreceptor specific agonist, show 
a vasodilatory effect in the core vessels; however, studies on isolated vessels are unable to 
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account for blood flow redistribution due to changes in downstream resistance resulting from 
vasodilation [45]. Chruscinski et al. did show that the distribution of β1 and β2 receptors varied 
by location, and this could partially explain the location-dependent response seen in this study 
[45]. In future studies, the non-invasive methods established in this work can be combined with 
more specific reagents to determine the contribution of receptors and control mechanisms for 
both thermoregulation and β-adrenergic stimulation.   
Limitations  
We did not have a saline control in this study; however, previous studies have shown that 
the administration of saline does not induce a large response in the heart [46] or the vasculature 
[17] as compared to dobutamine. Regarding potential effects of isoflurane on vasculature, 
Crouch et al. showed minimal changes in vasculature or heart rate after a two-hour anesthesia 
exposure [15]. Dobutamine response also varies between mice and humans, particularly in the 
heart, with human studies showing stroke volume changes [11] whereas these changes are not 
seen in the mouse [24]. Human studies would be necessary to determine if dobutamine response 
in the vasculature is consistent across species.  
5.6 Conclusion 
This study provides quantitative insight into cardiovascular responses to two clinically 
relevant stressors, administration of dobutamine and variation of core temperature, while 
illustrating an innovative non-invasive approach. To our knowledge, these data are the first to 
empirically quantify the spatially and temporally resolved response of core vasculature to 
dobutamine at hypo- and hyper-thermic conditions in vivo from head-to-toe. The study was 
performed in healthy male mice and not a specific disease model. However, stressing the 
cardiovascular system can reveal deficits that otherwise remain undetectable at rest. Therefore, 
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these initial data for healthy animals subjected to two cardiac stressors can be used to compare 
future measurements from disease models, such as cardiac failure or sepsis, to quantify early 
deficits, thereby helping to improve our understanding of how changes in core temperature 
interact with a clinical standard of treatment. Our data show that the response in core vasculature 
depends on anatomical location and varies for hypothermic and hyperthermic conditions. The 
results presented here also provide foundational data (geometry of the vessels) to begin coupling 
empirical values of the physiological response to temperature and dobutamine with 
computational fluid dynamics modeling to better understand how the cardiovascular system 
responds to stress.  A better understanding of how the cardiovascular system responds to these 
two stressors, independently and combined, could provide motivation for further clinical studies 
on the effects of temperature and adrenergic stress on core vasculature. 
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Conclusion and Future Work  
6.1 Conclusions 
This thesis focused on the development of a novel and physiologically accurate approach 
to studying thermoregulation by quantifying structural and functional changes in the CV system 
occurring in the core. Overall, we hypothesized that a relationship between vessel 
size/deformation, blood flow, and temperature exists in the core, and these changes should be 
incorporated into modeling. We began by optimizing MR parameters to study the core arteries as 
described in section 2.3. Because the arterial blood is the input in the bioheat equation (Equation 
4), we began with the core arteries. Due to challenges associated with making measurements 
from the core, there was a lack of empirical information regarding how arteries change with 
changing core temperature and their role in thermoregulation. Although researchers have begun 
to study this response in the leg, and we have expanded this to the whole body. To our 
knowledge, Chapter 2 is the first work to quantify and compare temperature-induced changes in 
core arteries of the head, torso, and periphery of murine models. These data provide a broad view 
of physiological alterations of the murine arterial system due to increases in core temperature, 
from head-to-toe. Our most important finding that the cross-sectional area of the infrarenal aorta 
increases significantly with increasing core temperature is biologically significant due to the 
potential impact these changes could have on conductive and convective processes involved in 
thermoregulation. This work provides further evidence of the effects of sex and age on CV 
responses and emphasizes the necessity to properly control an animal’s temperature and report it 
in publications.  
 114 
Given the surprising result that the core arteries do change with temperature, we sought 
to quantify the venous response and to quantify the functional data in the neck and periphery. 
Chapter 3 describes and compares the structural and functional arterial and venous response. The 
MR parameters for the arterial and venous locations were optimized by two members of the 
Greve lab: Paige Castle (arteries) and Olivia Palmer (veins).  As described in 3.6, the veins are 
an important part of the cardiovascular system’s role in thermoregulation. Our data show that 
changes in the IVC, despite its depth, must also be considered. Our most important finding that 
the cross-sectional area of the core veins, particularly the IVC, is significantly smaller at lower 
temperatures is biologically significant due to the potential impact these changes could have on 
conductive and convective processes involved in thermoregulation.  
The changes quantified in Chapter 3 motivated further studies of the core vasculatures’ 
response to temperature, including blood velocity and volumetric flow. Chapter 4 describes the 
blood distribution, quantifying blood velocity and flow across sex and age, with increases in core 
body temperature. In collaboration with previous Greve lab members (Amos Cao) and research 
scientist (Ulrich Scheven), pulse sequences were implemented for PCMRI (including parameter 
optimization for individual vessels developed by myself) and an in-house Matlab code developed 
to quantify velocity and volumetric flow.  Our most important finding was to distinguish 
contributions from changes in area and blood velocity which could lead to more accurate bioheat 
modeling. In aged animals compared to adult animals, flow increases were driven primarily by 
velocity changes. These changes in blood velocity are also likely causing changes in wall shear 
stress which is an important metric in cardiovascular disease progression. 
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The previous three chapters (Chapters 2, 3, and 4) focus on the basic and fundamental 
understanding of the effects of temperature on the cardiovascular system. Chapter 5 describes a 
collaboration study with Paige Castle combining two cardiovascular stressors: thermal stress and 
dobutamine. To our knowledge, these data were the first to empirically quantify the spatially and 
temporally resolved response of core vasculature to dobutamine at hypo- and hyper-thermic 
conditions in vivo from head-to-toe. These initial data for healthy animals subjected to two 
cardiac stressors can be used to compare future measurements from disease models, such as 
cardiac failure or sepsis, to quantify early deficits, thereby helping to improve our understanding 
of how changes in core temperature interact with a clinical standard of treatment.  
Overall, this thesis provides a novel and physiologically accurate approach to studying 
thermoregulation by incorporating structural and functional changes in the CV system occurring 
in the core. This thesis focused on using murine models to study the effect of temperature on 
core vasculature. Future work is required to fully understand the CV system’s role in 
thermoregulation, but our work has provided motivation to study the core vasculature and 
incorporate these previously unknown changes into modeling.  
6.2 Future Work 
 As described in section 1.1, temperature matters, and the scope of thermoregulation 
studies and the effect of temperature on the body is seemingly limitless and largely unexplored in 
the biomedical sciences. This section focuses on a small sample of futures directions for this 
work.  
Extreme temperature’s effect on core vasculature 
One future direction for this type of work is extreme temperature. Homeotherms, an 
organism that maintains its body temperature, will often prioritize thermoregulation at extreme 
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temperatures (e.g. maintaining body temperature through metabolic heat generation during 
starvation or sweating despite dehydration levels or even decreased blood pressure leading to 
heat syncope) [1]. While the temperatures in this thesis were physiologically relevant and not 
pathological [2,3], future work in both extremes with methods derived in this thesis would 
further elucidate the role of the cardiovascular system in thermoregulation. Two studies would be 
conducted for the two extremes: a ‘cool’ study with core body temperatures below 35°C and a 
heat stress study with core body temperature over 40.5 °C. After this baseline data is quantified, 
additional stressors could be added including dobutamine, exercise, starvation, or dehydration.  
Thermoregulatory disorders and illnesses 
Thermoregulatory disorders and illnesses pose a threat to maintaining homeostasis [4]. In 
this thesis, we used healthy murine models; however, the same methods could be applied to 
genetically modified animals to understand if the deficiencies in thermoregulation affect the CV 
system [5]. Thermoregulation dysfunctions are also seen as symptoms of other physiological 
states and diseases such as hot flashes and cold sweats in menopausal women [6]. In the future, 
human studies with subjects who have thermoregulation dysfunction could be conducted using 
non-invasive MRI to quantify how the CV system is responding during these dysfunctions.  
Experimental measurements of the temperature variation from the core, in artery-vein pairs, to 
muscle to skin in rat intraperitoneal cavity 
Although this thesis has focused on the convective term of the bioheat equation [7], for 
the past three years, I have been working with Dr. Jose Diaz on a project focused on the 
conductive term. The preliminary work was presented at the World Congress of Biomechanics in 
July 2018 in Dublin, Ireland. We are currently working with Connie Lee and Dr. Kevin Pipe in 
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the Mechanical Engineering Department at the University of Michigan to continue this project 
and expand it to brain cooling.  
Human studies 
As discussed in section 1.5, murine studies have limitations including the animal’s ability 
to thermoregulate (sweat glands only in the paws and a hairless tail). However, with this thesis, 
we have provided support for future human studies on the changes of core vasculature with 
temperature. Using MRI and external temperature control, similar studies could be conducted in 
humans providing motivation to alter current bioheat modeling.  
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